
1 

c- 
. .  

r 

I 1 
i 1 

I 

NASA TECHNICAL TRANSLATION 

! I I 

CALCULATION OF AIRCRAFT ENGINE TURBINES: 
(GASDYNAMIC CALCULATION - BLADE PROFILING) 

S. 2. Kopelev and N. D. Tikhonov 

(NASA-TT-P- 16367) CAICULATICR OF AIPCEAPT 175-29126 

E N G I N E  TURBINES. (GaSEPNAHIC CALCULATICU: 
ELADE FFOPILI1oG) (Scirntif ic Translation Service) 330 p EC $9.50 CSCL 211 Unclas 

G3/07 33019 

Translation of "l?as:het turbin aviatsion- 
nykh dvigateley (gazodinamicheskiy raschet. 
profilirovaniye lopatok)", "Mashino- 
stroyeniye"Press, MOSCOW, 1974, 3p. 1-268 

NATIONAL AERONAUTICS AND SP.4CE ADMINISTRATION 
WASHINGTON, D. C. 20546 AUGUST 1975 



2. Qovomant Anomm~on h. 

4. tttlo 4 kbtl@lo 

CALCULATION OF AIRCRAFT ENGINE TURBINESc 
(GASDYNAMIC CALCULATION - BLADE PRO- 
p T r m  

S. Z..Kopelev and N. D. Kikhmov 
7. Autha4d 

I - 
9. Pmrforrnielg O.ganir.(ion Nan. end Add-mm . c- 

SCITRAN 
Bax 54Sb 
Santa Barbara. CA 9 m 8  

-- 

- 9. 

3. Roc!pl.n#'~ Co*otoe h. 

1. R . r u c O . ~  

6. Pwhrcnia~ o*-he9l.n b d o  

AUGUST 1975 

0. Po*(sm,re Oq.niro*ion R m r @  NO. 

1 
10. Woh Urine No. 

1 

11. Controct or Cvme No. 

13. Ti- 01 R o p d  d P.rl.4 W 
NASU-2 483 

Translat ion 

T r a n s l a t i o n  of "Raschet t u r b i n  av ia t s jonnykh  d v i g a t e l e y  
(gazodinamicheskiy r a s c h e t  p r o f i l i r o v a n i y e  lopa tok )" ,  
"Mashinustroeniye" Prc-ss, Moscow, 1974, pp. 1-268. 

- -  -- .. 

r I 

i 16. AbmOreet 

' A g e n e r a l i z a t i o n  of v a r i o u s  methods o f  gas- turb ine  des ign  
t i s  p resen ted ,  i n c l u d i n g  a n  e v a l u a t i o n  of methods o f  gasdynami 

c a l c u l a t i o n  of tu rb in - .  s t a g e s , m e t h o ? s o f  t lade p r o f i l i n g ,  and 
methods o f  c a l c u l a t i n g  cooled  blades. The  s i z e  and weight 
c h a r a c t e r i s t j c s  o f  3 t u r b i n e  and t h e i r  dependence on t h e  main 
engine paramecers are consideped,  and t h e  r e l a t i o n  between I 
gasdyramic and s t r e n g t h  parameters  o f  a t u r b i n e  i s  d i scussed ,  1 
w i t h  allowance f o r  i t s  s t r u c t u r a l  f e a t u r e s  and f a b r i c a t i o n  
technology,  paying s p e c i a l  a t t e n t i o n  t o  c h o i c e  of  t h e  l a y o u t  
and dimensions o f  t h e  air-gas f low area and t o  %he p ro f ' i l i ng  
of both  nozz le  and r o t o r  blades.  To f a c i l i t a t e  unders tanding  
o f  t h e  theory ,  a number o f  examples of  s p e c i f i c  c a l c u l a t i o n s  
bbsed on g iven  numerical  va lues  o f  t h e  i n c t i a l  parameters 
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ANNOT AT I ON 

1 I . - .-< 

Basic q u e s t i o n s  o f  t h e  theo ry  and methods of  a v i a t i o n  eng ine  
r b i n e  and gasdynamic des ign  are p r e s e n t e d  i n  t h e  book. The i n f l  1- 

ence  o f  t h e  b a s i c  d e s i g n  p a r a n e t e r s  o f  a t u r b i n e  s t a g e  on i t s  e f f i -  
c iency  i s  examined. Recommendations are g iven  for t u r b i n e  f low p a t h  
c o n f i g u r a t i o n  s e l e c t i o n  and flow p a t h  dimension de te rmina t ion .  

Methods of  a i r  c o o l i n g  o f  t h e  b l a d e s  and methods of  de t e rmin ing  
t h e i r  tempera ture  are examined. Examples of cooled  blade and mul t i -  
stage t u r b i n e  design are p resen ted .  Turbine o p e r a t i o n  i n  o f f -des ign  
regimes i s  examined. 

The book i s  in t ended  f o r  s p e c i a l i s t s  working i n  t h e  a v i a t i o n  
i n d u s t r y .  It can a l s o  be used by  s t u d e n t s  i n  t h e  a v i a t i o n  i n s t i t u t e s .  

i 
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PREFACE 

Tkie can t inuous  development o f  a i r c r a f t  gas  t u r b i n e  eng ines  and 
the accumulat ion o f  expe r i ence  i n  t h e i r  des ign ,  p roduc t ion  and opera- 
t i o n  n e c e s s i t a t e s  a s y s t e m a t i c  d e s c r i p t i o n  o f  t h i s  expe r i ence  and 
i ts  p r e s e n t a t i o n  t o  a wide c i r c l e  o f  s p e c i a l i s t s .  

A l s o ,  a need has a r i s e n  f o r  appraisal  of  t h e  v a r i o u s  methods of' 
gasdynamic a n a l y s i s  of  t u r b i n e  stages,  p r o f i l i n g  s t a t o r  vanes and 
r o t o r  blades, and d e s i g n  of cao led  blades. 

I n  t h e  p r e s e n t  book, p r a c t i c a l  expe r i ence  i n  a v i a t i o n  engine  
t u r b i n e  des ign  i s  preser,ted. The d imens iona l  and weight c h a r a c t e r i s -  
t i c s  of  t he  t u r b i n e  and the i r  dependence on t h e  fundamental  engine  
parameters are examined; the  connec t ion  between t h e  gasdynamic and 
s t r e n g t h  parameters o f  t h e  t u r b i n e ,  keeping i n  mind i t s  s c r u c t u r a l  
c h a r a c t e r i s t i c s  and f a b r i c a t i o n  technology,  i s  d i s c u s s e d ;  t h i s  pe r -  
t a i n s  e s p e c i a l l y  t o  s e l e c t i o n  of  t h e  flow p a t h  scheme and dimensions 
and blade p r o f i l i n g .  These q u e s t i o n s  are  cons ide red  i n  t h i s  book 
i n  a series o f  problems a r i s i n g  i n  a v i a t i o n  gas  t u r b i n e  des ign .  

Several examples of  s p e c i f i c  c a l c u l a t i o n s  w i t h  a s s i g n e d  numeri- 
c a l  va lues  of t h e  i n i t i a l  parameters s u i t a b l e  f o r  s i n g l e - s t a g e  and 
m u l t i s t a g e  t u r b i n e s  are p resen ted  i n  order t o  c l a r i f y  t h e  ideas 
p r e s e n t e d  i n  t h i s  book. 
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4 c .  I 
The authors considered it advantageous to present the methods 

for calculating the basic par*.meters of turbojet aviation engine 
turbines, so that they can be used in writing programs f o r  electronic 
digital computer calculations. 

The methods presented in the book for determining the basic 
turbine parameters under off-design conditions are jllustrated by 
sample claculations f o r  a single-shaft, three-stage turbine operating 
under off-design conditions in a turboprop engine system. 

All computation examples are based on hypothetical initial data, 
and therefore have purely methodological significance. 

Chapters 11 - VI1 were written by S. Z. Kopelev. Sections 4.1 
and 5.2 were written by S. Z. Kopelev and N. D. Tikhonov in collabora- 
tion. Chapters I, VIII, and IX were written by M. D. Tikhonov. 
Chapter VI uses work which was carried out. by S. Z. Kopelev in col- 
laboration with S. V. Gurov and M. V. Avilova-Shulgina, and in Chap- 
ter V - in collaboration with V. A ,  Zhuravlev. 

The authors thank Candidate of Technical Sciences V. A .  Gel'fer 
for help given during preparation of the book, and Engineer V. S. 

Zikeyevfor valuable comments made during review o f  the manuscript. 

A great deal of help with the book was given by the reviewer, 
the late G. L. Livshits. 
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The gas  t u r b i n e  i s  a bladed machine in which gas  flovr p o t e n t i a l  /5* 
energy is t ransformed i n t o  mechanical work on t h e  t u r b i n e  shaf t .  

I n  a v i a t i o n  gas turb i r le  eng ines  (GTE), t h e  t u r b i n e  i s  employed 
t o  d r i v e  the compressor,  p r o p e l l o r ,  and engine  a c c e s s o r i e s .  Turb ines  
are o f t e n  used i n  s t a r t i n g  sys t ems  f o r  t u r n i n g  ove r  t h e  GTE r o t o r  
du r ing  s t a r t - u p .  The s t a t i o n a r y  s t a t o r  and r o t a t i n g  r o t o r  are the 

fundameiltal e lements  of  t h e  gas t u r b i n e .  
, 

CHAPTER I 

GENERAL INFORMATION FROM GAS TURBINE THEORY 

1.1. Turbine  Scheme a r d  Basic  Geometric Parameters 

The s t a t i o n a r y  part; o f  the t u r b i n e  I s  c a l l e d  t h e  s t a t o r ,  and 
c o n s i s t s  o f  the  frame, nozz le  r i n g ,  anu o t h e r  nonmoving t u r b i n e  
p a r t s .  The nozz le  r i n g  t r ans fo rms  trie p o t e n t i a l  energy of t h e  gas 
i n t o  k i n e t i c  energy.  It c o n s i s t s  o f  a s e r i e s  of vanes p o s i t i o n e d  
r a d i a l l y  between two c o a x i a l  banding r i n g s  (F igu re  1.1). 

The r o t o r  c o n s i s t s  o f  a r o t a t i n g  working wheel ( d i s k  w i t h  b l a d e s  

f a s t e n e d  on i t )  and a sha f t .  

* 
Numbers i n  t h e  margin i n d i c a t e  p a g i n a t i o n  in t h e  o r i g i n a l  f o r e i g n  

t e x t .  
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The combination of  a s t a t o r  and 
a r o t o r  is ca l led  a t u r b i n e  stage. 
The a n n u l a r  channel  from t h e  s t a t o r  
e n t r a n c e  t o  t h e  r o t o r  e x i t  i s  
ca l led  the t u r b i n e  flow p a t h ,  ana 
i t s  fcrm i n  t h e  t u r b i n e  l o n g i t u d i -  
na l  s e c t i o n  i s  c a l l e d  t he  mer id iona l  
f low p a t h  p r o f i l e .  

I n  contemporary t u r b o j e t  en- 
g i n e s  ( T J E ) ,  one-s tage,  two-stage 

i 
I 

1 

/ 6  i F i g u r e  1.1. Flow p a t h  - 
scheme of a s i n g l e - s t a g e  

t u r b i n e  
and t h r e e - s t a g e  t u r b i n e s  are used. 
I n  turboprop  (TPE) and t u r b o f a n  
(TFE) eng ines ,  where t h e  t u r b i n e  t u r n s  the p r o p e l l o r  or f a n  i n  addi- 
t i o n  t o  the  co re  flow compressor,  m u l t i s t a g e  t u r b i n e s  having  f o u r  t o  
s i x  o r  more s t a g e s  are ilsed. 

I 

The p rocess  o f  gas  energy t r a n s f o r m a t i o n  i s  the  same i n  each 
s t h g e  of a m u l t i s t a g e  t u r b i n e .  The re fo re ,  i t  is  s u f f i c i e n t  t o  exam- 
i n e  tile o p e r a t i n g  p r i n c i p l e s  and energy t r a n s f o r m a t i o n  p rocesses  i n  
a tu rb i i i e  u s i n g  a n  example o f  a s i r  l e  s t a g e  o r  an i n d i v i d u a l  one- 
stage t u r b i n e .  

I n  ana lyz ing  the  p rocesses  and d e s i g n i n g  t h e  t u r b i n e s ,  t h e  gas  
flow parameters  and t h e  b a s i c  geometr ic  dimensions u s u a l l y  are con- 
sidered only a t  three r e f e r e n c e  s e c t i o n s a l o n g  the  t w b i n e  stage p a t h ,  
which a r e  denoted by t h e  fo l lowing  i n d i c e s :  

t l O 1 l  - denotes  s t a t o r  i n l e t  parameters*; 

rlll' - denotes  parameters i n  t h e  ax ia l  c l e a r a n c e  between t h e  

s t a t o r  and rotor; 

"2" - denotes  r o t o r  e x i t  parameters .  

# 
I n  c e r t a i n  c a s e s ,  t h e  t u r b i n e  i n l e t  gas i s  denoted T3*, as i s  done 

i n  examining t h e  t u r b i n e  i n  t h e  engine  s y s t e m .  

I 

i 
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The numerals I, 11, 111, and so  f o r t h ,  w i l l  denote  t h e  s t a g e  
number. 

Turb ines  are d i v l d e d  i n t o  ax ia l ,  radial ,  and d i a g o n a l ,  . end- 
i n g  01, t h e  form of  t h e  f low pa th  mer id iona l  s e c t i o n  and t h e  I'iow 
d i r e c t i o n .  Here, on ly  t he  a x i a l  gas  t u r b i n e  i s  examined, i n  which t h e  

f low p a t h  is n e a r l y  c y l i n d r i c a l ,  and the  radial v e l o c l t y  componentj 
are a b s e n t  o r  small i n  comparison w i t h  t h e  a x i a l  and c i r c u m f e r e n t i a l  
v e l o c i t y  components. 

The b a s i c  geomet r i ca l  dimensions o f  t h e  tupb ine  s t a g e  are de- 
nc t ed  as fo l lows:  

- t h e  o u t e r  ( p e r i p h e r a l )  diameter; 

Di - the  i n n e r  ( r o o t )  diameter; 

- i s ' t h e  mean t u r b i n e  diameter ( the  diameter of t h e  - - Do + Di 
Dm 2 

c i r c l e  p a s s i n g  through t h e  mean b lade  s e c t i o n s )  
( o c c a s i o n a l l y  Dm i s  t h e  diameter d e f i n e d  by the  

h - t u r b i n e  flow p a t h  h e i g h t ;  
hb - b lade  l e n g t h  ( h e i g h t ) ;  

f - t u r b i n e  f l c r w  p a t h  s e c t i o n  area; 
A - ax ia l  c l e a r a n c e ;  
6 - r ad l s l  c l e a r a n c e ;  

Ss and Sr - t h e  s t a t o r  and r o t o r  cascade wid ths ;  

b - t h e  blade chord;  
yo and yi - flow p a t h  d ivergence  a n g l e s  a t  t h e  blade pe r iphe ry  

and r o o t ,  r e s p e c t i v e l y ;  
h = hb/b - ( o r  fi = hb/S) - blade  a s p e c t  r a t i o ;  

a = Di/Do - r e l a t i v e  hub diameter. 

3 
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The r e l a t i v e  l e n g t h  o f  t h e  t u r b i n e  blade i s  c k a r a c t e r i z e d  by 
t h e  r a t i o  of  t h e  mean d iameter  t o  t h e  blade l e n g t h :  

D o + D i  1 t a  
hb D o - D I  1 - a  

= - .  E = - =  Dm 

A l l  o f  the  above parameters  are a l s o  denoted by indexes  c o r r e -  
sponding t o  t h e  s t a g e  des ign  s e c t i o n  number. For example, t h e  flow 
p a t h  dimensions a t  the  r o t o r  e n t r a n c e  are denoted by Do 1, Di l, Dm 1, 

F1, hb 1; t h o s e  a t  the r o t o r  e x i t  - Do *, Di 2' Dm 2' '2, hb 2 '  

A t  some r a d i u s  r, we c u t  t h e  t u r b i n e  blades by a c o a x i a l  c y l i n -  
d r i c a l  s u r f a c e ,  and t h e n  we develop t h i s  s e c t i o n  on to  a p l ane .  As 

a r e s u l t ,  we o b t a i n  a p l ane  cascade  o f  s t a t o r  and r o t o r  p r o f i l e s .  

The b a s i c  geometr ic  paramaters  o f  t h e  p r o f i l e  cascade (F igu res  
1 . 2  and i . 3 )  are:  

F igu re  1 . 2 .  Development o f  
a n n u l a r  t u r b i n e  stage blade 

s e c t i o n  

F igu re  1 . 3 .  Geometr ical  para-  
meters of t h e  p r o f i l e  cascade  

b - blade  I;rofLle chord;  
t - cascade spac ing ;  

= t / b  - r e l a t i v e  cascade spac ing ;  
6 = b / t  -' cascade s o l i d i t y  ( r e c l p r o c n l  o f  t h e  r e l a t i v e  s p a c i n g ) ;  /8 

8 - p r o f i l e  s e t t i n g  a n g l e  i n  t h e  cascade;  

J 
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- p r o f i l e  
p r o f i l e  
cascade 

- p r o f i l e  
l i n e  a t  

’1 b 

B2 b 

a 
I 

$=an:&- - cascade 

e n t r a n c ?  ang le ,  fcrmed by t he  t angen t  t o  t h e  

median 1i .1~ a t  t h e  l e a d i n g  edge and t h e  

f r o n t ;  
e x i t  a n g l e ,  formed by t h e  t angen t  t o  t h e  median 
t h e  t r a i l i n g  edge and t h e  cascade f r o n t ;  

. 

e x i t  a n g l e .  

Flow e n t r a n c e  and e x i t  a n g l e s  i n  t h e  s t a t o r  cascade a r e  denoted 
by t h e  l e t t e r  a with the  index  cf t h e  cor responding  s e c t i o n .  

-- 1 . 2 .  Elementary Turbine Stage. 
Basic  Equat ions Stage 

The gas  f low i n  2 t u r b i n e  has a s p a t i a l  ( th ree-d imens iona l )  
c h a r a c t e r .  To s i m p l i f y  t u r b i n e  a n a l y s i s  and c a l c u l a t i o n s ,  :.le rea l  
gas flow p a t t e r n  i s  r e p l a c e d  by an  appraximate scheme. It is assumed 
t h a t  t h e  gas i n  t h e  t u r b i n e  flows i n  c o n x i a l ,  c y l i n d r i c a l  l a y e r s  
whoa& Rxes co inc ide  w i t h  t h e  t u r b i n e  a x i s .  ,in e lementary t u r b i n e  
stage,  which i s  t h e  combination of  t he  s t a t o r  and r o t o r  p r o f i l e  cas- 
cades a t  a g iven  r a d i u s ,  co r re spords  t o  each such  layer  o f  i n f i n i -  
t e s i m s l  thicknes. :  The development o f  t h e  cy I - ind r i ca l  s e c t i o n  o f  
t h e  t u r b i n e  ontc  d p lane  i s  c a l l e d  a p i ane  elementary t u r b i n e  stage.  

I n  t h e  e lementary st;.qe, we can c o n s i d e r  t h e  1 irameters of  the  

gas  c o n s t a n t  a long  the  b lade  h e i g h t .  T h i s  a l lows  u s  t o  r e g a r d  t h e  

e lementary s t a g e  as a p l ane  p r o f i l e  cascade ,  which s i g n i f i c a n t l y  
s i m p l i f i e s  t h e  a n a l y s i s  z!;d computat ions o f  t h e  gas flow parameters  
i n  t h e  t u r b i n e  stage.  

Ki th  k n c m  flow parameters  ?.n each elementary s t a g e ,  i t  i s  pos-  
s i b l e  t r j  determine t h e  a v e r a s e  va lues  of t h e  paramete-s  of the  e n t i r e  
s t a g e  by i n t e g r a t i n g  t h e s e  parameters  over  t h e  b l a d e  h e i g h t .  I n  many 
c.*ses ( f o r  examle ,  w i t h  cons t an t  work a l o n g  t n e  b l a d e  h e i g h t ) ,  t h e  

average  p ? r s n e t e r s  a r z  c l o s e  t o  the gas parameters a t  t h e  mean 
t u r b i n e  i n e t e r .  

t 

%. 
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1 1 

1.2.1. Kinematics - -  of f l o w  - - - - - - - -  i n  an  e l emen ta rx  
t clrbine stage 

- - - - _ - - -  
- - - - - - -  

We w i l l  assume t h a t  t h e  flow a t  t h e  cascade e n t r a n c e  and e x i t  , 

i s  s t a t i o n a r y  and a x i a l l y  s y r m e t r i c ,  t ha t  is ,  a l l  gas stream f i l a -  
ments a long  the f r o n t  of  t h e  cascade have v e l o c i t i e s  i d e n t i c a l  I n  
magnitude and d i r e c t i o n .  I n  r e a l i t y ,  there  w i l l  b e  such flow o n l y a t  
a q u i t e  large d i s t a n c e  ahead o f  the cascadc,, where t h e  cascade  in -  

where the flow pe r tu rbed  by the  cascade  has equa l i zed .  Immediately t 

befo re  and behind the  cascade, and especial ly  i n  che i n t e r - b l a d e  
channel ,  the  flow is  no t  uniform. 

1 

f luence  on the  unper turbed  f low i s  a k s e n t ,  and behind t h e  cascade  0 ;  

As i s  well known, t o  c h a r a c t e r i z e  t h e  gas flow i n  t h e  elementary 
s t a g e ,  a v e l o c i t y  diagram ( t r i a n g l e )  of t h e  gas f lowing  around t h e  

p r o f i l e  cascade i s  used ( F i g u r e  1 . 4 ) .  The flow a b s o l u t e  ? - e l o c i t y  
v e c t o r s  are denoted by t h e  i e t t e r  c ,  t h e  r e l a t i v e  v e l o c i t y  v e c t o r s  - 
w ,  and t h e  c i r c u m f e r e n t i a l  v e l o c i t y  v e c t o r s  - U. 

For t h e  s t a t o r  cascade ,  the  f o l -  
lowing k ine r . a t i c  flow parameter designa-  
t i o n s  a r e  in t roduced:  

c a and c l ,  a - flow ve lo-  
0’ 0 1 

c i t i e s  and a n g l e s  a t  t h e  s t a t o r  e n t r a n c e  F igure  1 . 4 .  Ve loc i ty  
and e x i t ,  r e s p e c t i v e l y .  diagram of  a t u r b i n e  

stage 

For t h e  r o t o r  cascade:  

i .  

w and 8, - flow v e l o c i t y  and a n g l e  a t  t h e  cas- iade e n t r a n c e  1 
i n  the r e l a t i v e  motion; 

i 

i = 8 1 b  - 8, - a n g l e  of a t t a c k  ( w i t h  8, > B1, t h e  a n g l e  of  

attzick i s  cons idered  p o s i t i v e ;  w i t h  8, < e,, i t  i s  n e g a t i v e ) ;  
Y 

h 
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' i  

I 

c2  and w2,  a, and B, 

cade e x i t  i n  t he  a b s o l u t e  

AB=Bo-g,  - flow l a g  

- flow v e l o c i t i e s  and a n g l e s  a t  t h e  cas-  

and r e l a t i v e  motions;  

= a r c  s i n  a / t .  
2 P  

argle ,  where f3 

The v e l o c i t y  p r o j e c t i o n s  on the axial d i r e c t i o n  are denoted by 

t h e  index  ''a'' , and on the  c i r c u m f e r e n t i a l  d i r e c t i o n  by the  index  "u"; 
downstream and r o t o r  r o t a t i o n  d i r e c t i o n s  are cons ide red  p o s i t i v e .  

The connec t ion  between the  cascade k inemat ic  pararneters i s  found 
from t h e  v e l o c i t y  t r i a n g l e s .  

It should  be kep t  i n  mind tha t  t h e  magnitude and d i r e c t i o n  of 
t h e  v e l o c i t i e s  a t  t h e  cascade  i n l e t  and o u t l e t  vary i n  t h e  i n t e r b l a d e  
space .  Therefore ,  w e  take the average va lues  f o r  the v e l o c i t i e s  
CI, w, w2, co and flow a n g l e s  a ~ ,  01. $2, ao. 

The t u r b i n e  stage working p r i n c i p l e  i s  as fo l lows .  The gas  
e n t e r s  t he  s t a t o r  from the  combustion chamber w i t h  v e l o c i t y  c o ,  

p r e s s u r e  po, and t e n p e r a t u r e  To. The s t a t o r  blades form converging 

c u r v i l i n e a r  channels ,  i n  
the flow occur s .  Due t o  
c r e a s e ,  bu t  t h e  v e l o c i t y  

t he  gas  e n t e r s  the  r o t o r  

which expansion o f  t h e  gas and t u r n i n g  o f  
t h i s ,  t h e  gas  t empera tu re  and p r e s s u r e  de- 

i n c r e a s e s  from co  t o  cl. From t h e  s t a t o r ,  

cascade w i t h  t h e  r e l a t i v e  v e l o c i t y  wl. The 

I 

I 

r o t o r  blades,  i n  most c a s e s ,  a l s o  form converging c u r v i l i n e a r  chan- 

accompanied by dec rease  o f  i t s  p r e s s u r e  and t empera tu re .  The flow 
r e l a t i v e  v e l o c i t y  i n c r e a s e s  from w1 t o  w 2 .  

dec reases  from c1 t o  c 2  i n  t h e  r o t o r .  

v e l o c i t y  i n  the  r o t o r  occur s  because a large D a r t  of  the gas k i n e t i c  
energy,  o b t a i n e d  as a r e s u l t  o f  t h e  gas  expansion i n  t h e  s + , a t o r  and 
r o t o r ,  i s  t ransformed i n t o  inechanical work o f  wheel r o t a t i o n .  

ne ls  i n  which flow t u r n i n g  and f u p t h e r  expansion of t h e  gas  o c c u r s ,  /10 

The gas a b s o l u t e  v e l o c i t y  

The dec rease  of t h e  a b s o l u t e  
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When there is f l g w  around t h e  

r o t o r  blades,  the  p r e s s u r e  on t h e  con- 
cave s ide  o f  t h e  blade becoiiles larger 
than  on t h e  convex s ide,  due t o  the 
t u r n i n g  of  the flcw i n  t h e  cascade 
(F igure  1 .5) .  The r e su l r ,  of t h e  

p r e s s u r e  and f r i c t i o n  f o r c e s  a c t i o n  
on the  blade s u r f a c e  i s  the  aerodynarriic d i s t r i b u t i o n  ove r  a pro- 
f o r c e .  The c i r c u m f e r e n t i a l  components 
(P,) o f  the  f o r c e s  a c t i n g  on each blade 

c r e a t e  a t o r q u e  and d r i v e  the  r o t o r ,  wh i l e  t h e  a x i a l  components ( P a )  

determine the  a x i a l  f o r c e  a c t i n g  on the  t u r b i n e  r o t o r .  

F igu re  1.5.  P r e s s u r e  

f i l e  

It is obvious tha t  t h e  magnitude o f  t he  aerodynamic f o r c e  a c t i n g  
on each blade w i l l  be larger, the  h i g h e r  t he  v e l o c i t y  of t h e  gas 
f lowing  around the  blades and the  larger t h e  f low t u r n i n g  i n  t h e  g r i d .  

1.2.2.  Bas ic  equa t ions  of  t he  e lementary  . . . . . . . . . . . . . . . . . . . . .  
t u r b i n e  stage - - - - - - -  

The connect ion  between t h e  gas parameters  a t  v a r i o u s  sec5.i --s of 
the  t u r b i n e  f low p a t h  i s  es tab l i shed  on t h e  basis of t he  gas f low 
equa t ions  and t h e  thermodynamic r e l a t i o n s  between t h e  gas  s t a t e  ps ra -  
meters iln the a d i a b a t i c  expansion p rocess .  The b a s i c  e q u a t i o n s  o f  
t h e  t u r b i n e  stage are: c o n t i n u i t y ,  energy c o n s e r v a t i o n ,  B e r n o u l l i ,  
and Euler .  I n  w r i t i n g  these e q u a t i o n s ,  s e v e r a l  s i m p l l f y i n g  assump- 
t i o n s  are made ( t h e  flow i s  cons ide red  s t eady  and uniform; h?at ex-  
change w i t h  e x t e r n a l  medium i s  a b s e n t ,  and so f o r t h ) ,  w i t h  t h e  goal  
o f  o b t a i n i n g  a s i m p l e r  form of  these e q u a t i o n s ,  s u i t a b l e  for eng inee r -  
i n g  c a l c u l a t i o n s .  The d e r i v a t i o n  of  t h e  b a s i c  equa t ions  is  g iven  i n  
w e l l  known cour ses  on thermodynamics and turbomachine t h e o r y  [ 9 ,  2 3 ,  
2 4 ,  28, and a t h e r s ] .  The re fo re ,  we l i m i t  o u r s e l v e s  here t o  examina- 
t i o n  o f  t h e  a p p l i c a t i c n  o f  these e q u a t i o n s  t o  gas f low i n  t h e  t u r -  
b i n e  s t a g e .  3i 

‘ 
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1. The f l o w r a t e  ( c o n t i n u i t y )  equa t ion .  

I 

i 

1 
I 
I ’  

For an elementary s t a g e  and a n  i n d i v i d u a l  stream f i l a m e n t ,  t h e  /&. 
gas mass flow rate is: 

a0  =I ~,,c,,f~ = e,cJ1 = wJs. 

where To. f i g  f 2  - c r o s s  s e c t i o n  areas a t  t h e  r e s p e c t i v e  s t a g e  s e c t i o n s ;  
w . @ I .  @z - gas c c n s i t i e s  a t  t h e  r e s p e c t i v e  s k g e  s e c t i o n s ;  
~ 0 %  c$. r 2  - normal gas  v e l o c i t y  components a t  t h e  r e s p e c t i v e  

stage s e c t i o n s .  

For the  t u r b i n e  s t a g e ,  t h e  gas f l o w r a t e  is: 

where Fo. FI, FP - gas f low c r o s s  s e c t i o n  areas; 
8 0 .  Or and cO. CI, C2 - i n s t a n t a n e o u s  va lues  of t h e  gas d e n s i t y  and 

v e l o c i t y  a t  the r e s p e c t i v e  s e c t i o n s .  

I f  t h e  flow parameters  are c o n s t a n t  a t  each s e c t i o n ,  t h e  con- 
t i n u i t y  e q u a t i o n  w i l l  have the  form: 

0 = ~ 0 ~ 8 ~  = Q,c,F, 3= Q@* 

The c o n t i n u i t y  e q u a t i o n  w i l l  a lso have th2s  form i f  w e  s u b s t i t u t e  
i n t o  i t  the average  va lues  o f  t h e  flow parameters f o r  t h e  flow pa th  
s e c t i o n .  

The gas  flow r a t e  through any t u r b i i l e  f low pa th  s e c t i o n  can be 

expres sea  i n  terms of t h e  d imens ionless  flow d e n s i t y  f u n c t i o n :  

where h = c/ac, - reduced v e l o c i t y ;  

- c r i t i c a l  speed o f  sound; 

9 
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For  k = 1.33, and R = 289 J / (kg  K); 
m = 0.0396 (kg K/J) 0.5 

P: 
V T :  

Then, G=m-F&()il). 

2. Energy c o n s e r v a t i o n  e q u a t i o n .  

I 
i 

I n  t he  absence o f  heat exchange w i t h  t h e  e x t e r n a l  medium, t h e  
gas f low energy c o n s e r v a t i o n  e q u a t i o n  f o r  the  t u r b i n e  h a s  t h e  form: 

where LT - work e x t r a c t e d  from the  gas i n  t h e  t trb i n e  

i t  ar i; - t o t a l  gas e n t h a l p i e s  a t  t h e  t u r b i n e  i n l e t  and o u t l e t  

An i l l u s t r a t i o n  o f  the  gas expansion 
proce;s  i n  t h e  t u r b i n e  i s  p r e s e n t e d  i n  
3 i g u r e  1 .6 ,  where the l i n e  0-1-2 i s  t h e  

p o l y t r o c ' c  gas expansion curve  i n  t he  
s ta t  - :  and r o t o r ;  

Os, l", 2" - p o i n t s  c h a r a c t e r i z i n g  
t h e  parameters  of  f low retarded i n  terms 

f 
i 
? 

I 

i 

Figure  1 .6 .  Represen- of the  ab?r>lu te  v e l o c i t y  a t  the  c o r r e -  
spondlng s t a g e  t u r b i n e  sec t i0 r . s ;  t a t i o n  of gas expansion 

p rocess  i n  a f u r b l n c  on 
i-s diagram 

I:, 2: - p o i n t s  c h a r a c t e r i z i n g  tne 

parameters  o f  f low r e t a r d e d  i n  terms o f  r e l a t l v e  v e l o c i t y  a t  t h e  
r o t o r  i n l e t  and o u t l e t .  

, 
1 0  
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For t he  s t a t o r ,  t h e  energy e q u a t i o n  has t h e  form: 

4 5-i; o r  ~ ~ ~ = c d ; - c $ ~ + ~ .  

From Equat ion (l.l), w e  o b t a i n  t h e  formula f o r  de te rmining  t h e  

gas e x i t  v e l o c i t y  from t h e  s t a t o r :  

and pf = a*p* we o b t a i n :  s 0’ Keeping in inind that 

where a! - c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  losses i n  t he  s t a t o r .  

The h y d r a u l i c  l o s s e s  i n  t h e  s t a t o r  are more f r e q u e n t l y  estimated 

1 ad w i t h  t h e  help of the v e l o c i t y  c o e f f i c i e n t  (0 = cl/cl ad, where c 

i s  t h e  s t a t o r  e x i t  v e l o c i t y  f o r  adiabatic expans ion  of t h e  gas; 

Then, 

f k-1.. 

The energy e q u a t i o n  f o r  the  r o t o r :  

a )  i n  t h e  a b s o l u t e  motion: 

45, = ‘I- i;= cp (Tf - Tf): 

b )  i n  t h e  r e l a t i v e  motion: 

<- 
11 
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From the  energy equa t ion ,  we o b t a i n  the  e x p r e s s i o n  f o r  t he  r e l a t i v e  
gas e x i t  v e l o c i t y  from t h e  r o t o r :  

Keeping i n  mind t h a t  qw=qm. -=-= " '' (db' , and p: = o*pW r 1 w' 
Tfw Go 

we o b t a i n :  

r h l  

where 0: - c o e f f i c i e n t  of t o t a l  p r e s s u r e  l o s s e s  i n  t he  r o t o r .  

I f  t h e  h y d r a u l i c  l o s s e s  i n  the  r o t o r  are estimated w i t h  t he  h e l p  
of t h e  v e l o c i t y  c o e f f i c i e n t  9, e q u a l  t o  t h e  r a t i o  of t h e  a c t u a l  r o t o r  
e x i t  v e l o c i t y  t o  t h e  a d i a b a t i c  - JI = t hen ,  w2/w2 ad' 

o r  

3 .  BernGull i  e q u a t i o n  - 

- p o l y t r o p i c  work of  gas  expan- 
n -  

s i o n  i n  t h e  t u r b i n e ;  

Lr - work expended i n  overcoming h y d r a u l i c  f r i c t i m  w i t h  t h e  flow /& 
o f  1 kg of gas i n  t h e  t u r b i n e .  

12 
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For t he  i s e n t r o p i c  p rocesses  ( n  = k): 

It is  p o s s i b l e  t o  r e p r e s e n t  t h e  p o l y t r o p i c  work as t h e  sum of 
t h e  adiabat ic  work Lad and the  a d d i t i o n a l  work ALs, appea r ing  as t h e  

r e s u l t  of i n c r e a s e d  gas  expansion work, because o f  i ts  h e a t i n g  i n  
flow w i t h  h y d r a u l i c  l o s s e s ,  

Lpol  - - Lad.T + AL,. 

Then i t  is p o s s i b l e  t o  wri te  t h e  B e r n o u l l i  e a u a t i o n  i n  t h e  form: 

C i - 4  
a - - + bL,-LL,- LT "ad.T 

- 4-4 or, LT - Lad,T -L;- 
2 :. 

where L; = Lr - hLs - i r r e v e r s i b l e  l o s s e s  i n  the t u r b i n e .  

Thus, t h e  t u r b i n e  e f f e c t i v e  work ( e x t r a c t e d  i n  t h e  form o f  mech- 
a n i c a l  ene rgy)  i s  e q u a l  t o  the  adiabat ic  work o f  gas expans ion  minus 
t h e  h y d r a u l i c  losses and k i n e t i c  energy i n c r e a s e .  

4. E u l e r  equa t ion .  

On the b a s i s  of t h e  a n g u l a r  momentum theorem for t h e  e lementary  
t u r b i n e  stage, i t  i s  p o s s i b l e  t o  wri te :  

where dMU - e lementary  s t a g e  r o t o r  t o rque ;  

dG - gas  f l o w r a t e  through t h e  elementary stage cascade;  
and c 2  - c i r c u m f e r e n t i a l  components o f  t h e  gas  a b s o l u t e  ve lo-  c1 u 

c i t y  a t  t h e  e x i t  from t h e  s t a t o r  and behind t h e  
stage; 

t 



r, and r, - d i s t a n c e s  between t h e  gas stream f i l a m e n t  and the  
I c 

a x i s  r o t a t i o n  a t  t h e  cor responding  s t a g e  

It is p 0 s s i u i . e  t o  set  r = r2 = r f o r  ax i a l  t u r b i n e s .  1 
mentary stage work p e r  ki logram o f  gas :  

where - r o t o r  a n g u l a r  v e l o c i t y .  

Then, w e  o b t a i n  from (1.5) and ( 1 . 6 ) :  

sect  i o n s .  

The e le-  

(1.6) 

The b a s i c  e q u a t i o n s  cans ide red  above f o r  an  eltamentary stage 
can also be a p p l i e d  t o  a real  s t a g e .  I n  t h i s  c a s e ,  t h e y  should  have 
an  i n t e g r a l  form, s i n c e  i n  t h e  t u r b i n e  s tage,  t h e  gas parameters  
u s u a l l y  vary a long  the  blade he igh t .  

The i n i t i a l  des ign  o f  t h e  t u r b i n e ,  u s i n g  t h e  b a s i c  e q u a t i o n s ,  
i s  made f o r  t h e  mean diameter, u s ing  a t  t h e  cascade i n l e t  and o u t l e t  
t h e  flow parameters  averaged ov?r  t h e  b l a d e  h e i g h t  and c o n s i d e r i n g  
a l l  lcsses i n  t h e  t u r b i n e  flow p a t h .  

1 . 3 .  Losses i n  t h e  Turbine and T h e i r  Es t ima t ion .  
Turbine E f f i c i e n c y  

It is p o s s i b l e  t o  d i v i d s  t h e  l o s s e s  i n  t h e  t u r b i n e  flow p a t h  
i n t o  t h e  fo l lowing  three  b a s i c  t y p e s .  

1. P r o f i l e  l a s s e s ,  i n c l u d i n g :  

a )  l o s s e s  from f r i c t i o n  and eddy 

layer  and d u r i n g  i t s  s e p a r a t i  

14 

format ion  i n  t h e  boundary 
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edge losses, a r i s i n g  i n  t h e  v o r t i c a l  k r a i l i n g  wake and dur- 
i n g  mixing o f  t h e  f lows coming from t h e  concave and convex 
sides o f  t h e  p r o f i l e ;  

l o s s e s  i n  shock waves and i n  t h e i r  i n t e r a c t i o n  w i t h  t h e  

boundary layer. 

End l o s s e s :  

from secondary f lows ( p a i r - d  v o r t i c e s )  i n  the  s ta tor  and 
rotor cascades ,  and l o s s e s  i n  t h e  boundapy layer  on t h e  

end walls ; 

from l eakage  f low i n  the  radial c l e a r a n c e .  

Add i t iona l  l o s s e s  ( o u t s i d e  t h e  cascade ) :  

from f r i c t i o n  and eddy format ion  i n  t h e  boundary l a y e r  on 
the  s ide  walls i n  t h e  a x i a l  c l e a r a n c e ;  

from f r i c t l o n  o f  the d i s k  w i t h  t h e  gas; 

from leakage flow through t h e  l a b y r i n t h  seals  and s l o t s ;  

from mixing of t h e  main flow w i t h  t h e  c o o l i n g  a i r .  

With gas f low i n  cascades ,  t h e  h y d r a u l i c  r e s i s t a n c e s  ( l o s s e s )  
-educe t h e  k i n e t i c  energy and t o t a l  p r e s s u r e  of  t h e  gas,  as a r e s u l t  
of which t h e  gas  v e l o c i t i e s  l e a v i n g  t h e  s t a t o r  and r o t o r  csscades  
dec rease ,  and the  e f f e c t i v e  t u r b i n e  work dec reases .  

The h y d r a u l i c  l o s s e s  i n  t u r b i n e  cascades  a re  e s t i m a t e d  w i t h  t h e  
h e l p  o f  t h e  l o s s  c o e f f i c i e n t  e,, which i s  t h e  r a t i o  of  t h e  e n t h a l p y  

l o s s e s  i n  t h e  cascade  AH t o  t h e  a v a i l a b l e  i s e n t r o p i c  en tha lpy  i n  t h e  
cascade Had: 

9 

4 
1 5  I 
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where AH = Li; Had - Lad, L; - i r r e v e r s i b l e  l o s s e s  i n  t h e  cascade.  

For  t h e  s t a t o r  cascade :  

2 
1 ad C 

2 2 
- c1 C - 1 a d  

2 = 6s -I 2 L’ - r.s (1.7) 

f o r  t h e  r o t o r  cascade:  /16 

2 
2 ad W 

2 
2 

= 5, 
- ’w 

2 - 2 ad W 
L’ - r.r 2 2 

The cascade l o s s  c o e f f i c i e n t  can b e  r e p r e s e n t e d  as t h e  sur o f  
t h e  Z o e f f i c i e n t s  of separate forms o f  l o s s s s  i n  t h e  cascade:  

- 
‘E - ‘pr + ‘sec 

- p r o f i l e  loss  c o e f f i c i e n t ;  

- secondary l o s s  c o e f f i c i e n t ;  
‘P, 

‘sec 

where 

5, - c o e f f i c i e n t  o f  l o s s e s  connected w i t h  leakage  flow i n  
the r ad ia l  c l e a r a n c e  end loss; 

+ 5, - end l o s s  c o e f f i c i e n t .  - 
‘e - %e, 

I n  c a l c u l a t i o n s  of gas  f low i n  t u r b i n e  cascades ,  t h e  p r o f i l e  
l o s s e s  a r e  c s u a l l y  accounted f o r  u s i n g  t h e  v e l o c i t y  c o e f f i c i e n t s  
@ = cl/cl ad and $ = w2/w2 ad. 

From ( 1 . 7 )  and (1.81, it i s  obvious t h a t  

Sometimes, bo th  t h e  p r o f i l e  l o s s e s  and t h e  secondary l o s s e s  a r e  
cons idered  w i t h  t h e  h e l p  o f  t h e  v e l o c i t y  c o e f f i c i e n t s  $ and JI .  I n  

t h i s  c a s e ,  0 2 and J, = 1 - ‘pr - ‘sec* 
2 - ‘sec = 1 - CPr 

16 
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T o t a l  p r e s s u r e  l o s s e s  i n  t h e  cascade are estimated w i t h  t h e  
h e l p  o f  t h e  pr.3ssure l o s s  c o e f f i c i e n t  J*: 

The c o r r e c t i o n  between o* and $ ( o r  $)  i s  expressed  by  t h e  

formula: 

Loss c o e f f i c i e n t s  are u s u a l l y  ob ta ined  expc2rirnentally by flow 
t e s t i n g  p l ane  o r  a n n u l a r  t u r b i n e  cascades .  

1.2.1. Pi ,of i lz  loss c o e f f i c i e n t  and i t s  dependence - - - - - - - - - - - - - - - - - - - _ - - - - -  
on-the b a s i c  c a s c a d e g a r a m e t e r s  - - - e -  - - - - - - - - -  

R e s u l t s  o f  expe r imen ta l  i n v e s t i g a t i o n s  show t h a t  t h e  p r o f i l e  
l o s s  c o e f f i c i e n t  ( 5  o r  t h e  v e l o c i t y  c o e f f i c i e n t s  (I and $)  depends 

p r i m a r i l y  on t h e  fo l lowing  parameters: t he  p r o f i l e  camber a n g l e  8 = 

180 - (B1 

cascade E = 180 - (6, + 8 , ) ’  t h e  degree of  convergence of t h e  i n t e r -  

b l a d e  channel  K l e a d i n g  and t r a i l i n g  edge t h i c k n e s s e s  dl and d2, 

cascade s o l i d i t y ,  and a lso t h e  ang le  o f  a t t a c k  i, and t h e  M [Mach] 
and R e  [I?eyr,olds] numbers. The cascade convergence i s  c h a r a c t e r i z e d  1 

by Kp = s i n  B1 @n B, b ,  and t h e  degree o f  flow convergency by t h e  /17 ‘ 

r a t i o  o f  t h e  f low a r e a s  a t  t h e  cascade i n l e t  and o u t l e t  K = f l / f 2  2 

P r  

+ 8, b ) ,  t h e  a n g l e  charac te r iz in6;  f l o w  t u r n i n g  i n  t he  

P’ 

s i n  B1/sin B,. 

K > 1. With K < 1, t h e  cascade w i l l  be  d i f f u s i v e .  For t u r b i n e  P P 
cascades K > 1. 

For a c t i v e  cascades  K = 1, and f o r  r e a c t i v e  cascades  
P 

i 

i 

r 
f 

P =  

Exper imenta l ly ,  p r o f i l e  l o s s e s  are  determined as t h e  ;urn of t h e  
Wher, d e s i g n i n g  f r i c t i o n  and edge l o s s  c o e f f i c i e n t s  5 

cascades ,  i t  i s  d e s i r a b l e  t o  have s e p a r a t e  dafa on t k e s e  l o s s e s .  
= Cf,  + ce,. P r  
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For contemporary p r o f i l e s  i n  subsonic  f low,  t h e  cascade f r i c t i o n  
l o s s e s  as a f u n c t i o n  o f  t he  sum of  t h e  a n g l e s  (8-,. 

cade c w v e r g e n c e  can be determined from t h e  exper imenta l  data o f  G .  
Yu. Stepanov and V.  L .  Epsh te in  [ 2 3 3 ,  and ape c h a r a c t e r i z e d  by t h e  

r e l a t i o n s  p re sen ted  i n  F igu re  1 . 7 .  From t h i s  f i g u r e ,  i t  i s  obvious 
t h a t  t h e  l o s s e s  due t o  f r i c t i o n  de- 

c r e a s e  wi th  i n c r e a s e  o f  t h e  sun, of  
t h e  cascade a n g l e s  and i n c r e a s e  of  

cascade are s l g n i f i c a n t i g  smaller w 

+ 8 ,  b )  and cas-  

&,, 

K P . Hence, l o s s e s  i n  a r e a c t i v e  w 
qos 

t h a n  i n  a n  a c t i v e  one. 

The average  l o s s e s  due t o  f r i z -  402 
t i o n  p resen ted  i n  F igu re  1 . 7  i n  
p l a r i e  cascades  correspond t o  opt imal  
r e l a t i v e  p r o f i l e  t h i c k n e s s ,  which F igu re  1.7.  Dependence of  

cascade f r i c t i o n  l o s s e s  on 
depends on t h e  f low t u r n i n g  a n g l e  t h e  sum o f  t h e  a n g l e s  b p + h  

arid on the  cascade t y p e ,  on which, 
i n  t u r n ,  t h e  form of' the  i n t e r - b l a d e  chanr,el and c h a r a c t e r  o f  t h e  
flow i n  the cascade depend. 

C .  Yu. Stepanov proposed a f w m u l a  f o r  de te rmining  opt imal  
r e l a t i v e  p r o f i l e  t h i c k n e s s :  

- 1 - A s i n  61 

where A - exper imenta l  c o e f f i c i e n t  equa l  t o  0 .8  - 1 . 0  f o r  a c t i v e  /18 
cascades ,  and 1 . 0  - 1.1 f o r  r e a c t i v e  cascades .  

Edge l o s s e s  a r i se  as a r e s u l t  o f  t h e  1 : e r a c t i o n  of  boundary 
layers f lowing  from t h e  concave ar:d convex s i d e s  t;P t h e  p r o f i l e .  
They depend on the  boundary layer  s t a t e  at  t h e  t r a i l i n g  edge. With 

boundary l a y e r  s epa ra t io r . ,  t h e  edge l o s s e s  i n c r e a s e  s h a r p l y .  

It i s  recommended i n  s e v e r a l  works [l, 23,  283 t h a t  the  edge 
l o s s  c o e f f i c i e n t  b e  estimated w i t h  t h e  e m p i r l c a l  formula: 

18  
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= 0,2J=0.2--, d d2 

Ecr a . 8% 

where a - cascade i n t e r b l a d e  chanr-el t h r a a t  w i d t h ,  ana 
- cascade e x i t  a n g l e .  

82P 

With known va lues  o f  the l o s s  c o e f f i c i e n t s  dce t o  f r i c t i o n  and 
edge l o s s e s ,  the  p r o f i l e  l o s s  c o e f f i c i e n t  i n  a p l a n e  zascade w i t h  

subsonic  f low v e l o c i t i e s  can  be  determined:  

On the b a s i s  o f  t he  above data,  t h e  va lues  o f  5 and t h e  velo-  P r  
c i t y  c o e f f i c i e n t  J, = 4-i; are  computed i n  E281 f o r  va r ious  flow 

t u r n i n g  a n g l e s  and degree  o f  cascade convergence. The r e l a t i o n s  
), K 1, p re sen ted  i n  F igu re  1 .8 ,  can be used - 

P $pp - f C ( B l  b + 62  b 

t o  estimate t h e  v e l o c i t y  co- 
e f f i c i e n t s  9 and JI w i t h  sub- 
s o n i c  f l o w  v e l o c i t i e s  i n  
cascader. i n  t h e  r e g i o n  of  
self-sirriilarity wi th  re- 
s p e c t  t o  R e .  

1 . 3 . 2 .  Secondarx - -  l o s s  - - - - - - - _  
- - - - - -  c o e f f i c i e n t s  F igure  1 . 8 .  Dependence of t h e  ve lo-  

c i t y  c o e f f i c i e n t  $ on cascade con- 
P r  

1 

/19 vergence K and ?low t u r n i n g  a n g l e  i n  
che cascade The semi-empir ical  P 

formula (see F igures  3.11 
and 3 . 1 2 ) :  

can b e  used t o  e v a l u a t e  casacde secondary l o s s e s  on t h e  basis  of 
exper imenta l  data.  

+ 

Here, 5, - - E,, + E s e c ,  * h = hb /a ;  

hb - blade  l e n g t h ;  a = t s i n  B , ? ( t  s i n  a );  t h e  c o e f f i c i e n t  
I P  

A = 1 . 0  - 1.1; the  va lue  i s  smaller ( A  = 1 . 0 )  f o r  cascades  wk'lth 



t u r n i n g  ang le  E = 18G - (B1 + 6,) z* .  70°; t he  va lue  is l a r g e r  ( A  = 1.1) 

for c a s c a d e s w l t h  f low turning angle E = llOo. 
- 

Then, t h e  c c e f f i c l e n t  o f  secondary loss: 

It i s  obvious from ( 1 . 9 )  t h a t  t h e  smaller ( t h e  shQr te r  the  
b l a d c ' ,  t h e  larger the  secondary flow l o s s e s .  

From the  kncwri va lues  o f  t h e  c o e f f i c i e n t s  6 and Esec,  it is P r  
p o s s i b l e  t o  determine the  v e l o c i t y  c o e f f i c i e n t s  9 and $, t a k i n g  i n t o  
account both p r o f i l e  and secondary lLcses. 

Depend,ng on t h e  t u r b i n e  diameter and s t r u c t u r a l  s t i f f n e s s ,  t h e  

radial  c l e a r a n c e  between t h e  blade t i p  and t h e  t u r b i n e  housing i n  
the co ld  s ta te  i s  chosen i n  t he  l i m i t s  & = 0.5 - 1.5 nm. With in -  
c r e a s e  of t h e  rad ia l  c l e a r a n c e ,  t h e  losses I n  t h e  turb i r ie  stage i n -  
c r e a s e  and t h e  e f f i c i e n c y  dec reases .  Losses because of  t h e  rad ia l  
c l ea rance  a r o  caused by the  fo l lowing:  

1) p z r t  o f  t h e  gas  e x i t s  through t h e  c l e a r a n c e  wi thout  pe r -  
forming work i n  t h e  wheel; 

2 )  an  eddy zone a r i s e s  a t  t he  t r a i l i n g  edge on t h e  back s ide  
of t h e  b lade ;  

3 )  t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  b lade  dec reases  i n  t h e  

p e r i p h e r a l  p a r t  and,  c . i  ? spondingly,  t h e  aerodynamic fo'-ce on t h e  

t i p  of  the b l a d e  and t u r b i n e  work ' - p n s  c .A. : ? . 
- 

t 
T r a n s l a t o r ' s  no te .  h a -  Y. ven a s  5 - i n  t h e  o r i g i n a l  

f o r e i g n  t e x t .  
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The loss c o e f f i c i e n t  C,, accoun t ing  f o r  gas leakage flow through 

the radial c l e a r a n c e ,  can be  t aken  t o  be  e q u a l  t o  t he  r a t i o  o f  t h o  gas 
f l o w r a t e s  through t h e  c l e a r a n c e  and through t h e  cascade (suppos ing  
t h a t  the k i n e t i c  energy of  t h e  gas f lowing  through t h e  c l e a r a n c e  is 
completely l o s t ) .  This  f l o w r a t e  r a t i o  i n  t h e  cascade  w i t h  b l ades  

wi thout  shrouds ,  i n  t u r n ,  i s  approximately p r o p o r t i o n a l  t o  t he  cor -  
responding  s e c t i o n  area r a t i o  C231: 

( 1 . 1 0 )  

where kG = 0.5 - 0.7 is  the  d i scha rge  c o e f f i c i e n t .  

The d i scha rge  c o e f f i c i e n t  kG depends on the  h y d r a u l i c  r e s i s t a n c e  /2 
I n  t h e  c l ea rance :  t h e  la rger  va lues  o f  kG c o x e s p o n d  to blades w i t h  
narrower t i p  s e c t i o n s .  

Computations and expe r imen ta l  data show t h a t  l n c r e a s e  o f  t h e  

r e l a t i v e  radial  gap 6 = b/hb by 0.01 r educes  t u r b i n e  stage e f f i c i e n c y ,  

on t h e  average ,  by 1 .5  - 2.5% [24]. The expe r imen ta l  dependence of 
the  q u a n t i t y  ( I+&) on t h e  rad ia l  gap 1s p r e s e n t e d  i n  F igu re  1 .9 .  

I n  the  case  of  b lades  f i t t e d  w i t h  shrouds  forming a banding 
r i n g ,  5, is  t aken  equa l  t o  ze ro ,  and t h e  p o s s i b i l i t y  of gas l eakage  

over  the bapding r i n g  i s  almost  completely e l i m i n a t e d  by u s i n g  spec ia l  
l a b y r i p t h  seals. The use  of shrouds and l a b y r i n t h  seals i n c r e a s e s  
t u r b i n e  e f f i c i e n c y  about  2 - 3%. However, the  use  o f  shrouds  i s  
o f t e n  l i m i t e d ,  s i n c e  w i t h  a 1?.rge t a n g e n t i a l  v e l o c i t y  of t h e  blade 

pe r iphe ry ,  low p r o f i l e  cascade s c l i d i t y ,  and smzll t h i c k n e s s  of  t h e  

shrouds ,  s t r a i n s  develop i n  them which s u r p a s s  t h e  a l l o w a b l e  l e v e l s .  
I n  such cases, use  o f  narrow shrouds which do no t  f u l l y  cove r  t h e  
i n t e r u l a d e  channel  may be f e a s i b l e .  Experience shows t h a t  t h e  i n -  
s t a l l a t i o n  of such shrouds a l s o  reduces  t h e  l o s s e s  caused by t h e  
pr.e:erice of  L i l t :  radiai gap. 

I n  many c a s e s ,  t h e  b l ades  are banded u s i n g  wire, t o  p reven t  
r e sonan t  v i b r a t i o n s  of t h e  r o t o r  b l ades .  The p re sence  o f  t h e  banding 

I 

i 

' :  
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F i g u r e  1.3. Lepenaence of  
l o s s e s  i n  t h e  radial  gap 03 

r e l a t i v e  s i z e  gap 75 = 6/hb: 

8 w 
F i g m e  1 - 1 0 .  Dependence of cas- 
cade loss c o e f f i c i e n t  on r e l a t i v e  

banding  wire diameter 
a - a c t i v e  stage; b - re- 

_--_. __--- ac t ive  stage __ - - 

w i r e  i n  %he i n t e r b l a d e  chafinel causes a d d i t i o n a l  hydraulic 
losses. For an estimhte of these losses i n  a t u r b i n e  stage, a t t r i -  - /21 
b u t a b l e  t o  t h e  banding w i r e ,  t h e  expe r imen ta l  r e l a t i o h  5, = f:dbw/h) 

(F igure  l . l O ) ,  folind i n  [l5], can  b e  used,  where dbw is the  banding 
wire diameter. 

Losses f r o a  f r i c t i o n  and eddy format ion  i n  t he  boundary l a y e r  
on the  s ide  walls i n  t h e  a x i a l  gap a r d  losses from mixing of  t h e  p r i -  
mary f low w i t h  t h e  c o o l i n g  a i r  are small ( u s u a l l y  less t h a n  1%); 
t h e r e f o r e ,  i n  approximate c a l c u l a t i o n s ,  t h e y  are u s u a l l y  neg lec t ed .  

The r e l a t i o n s  p r e s e n t e d  f o r  e s t i m a t i n g  stage p r o f i l e  l o s s e s  are 
g iven  for t h e  cases o f  a f low around cascades  a t  op t ima l  angles of 
attack. Cascade losses i n c r e a s e  w i t h  d e v i a t i o r .  o f  t h e  attack 
a n g l e s  from t h e i r  opt imal  va lues  (F iqu re  1.11). 

The i n f l u e n c e  o f  cascade  s o l i d i t y  on t h e  l o s s e s  i n  i t  appears i n  
t h e  fo l lowing  way. With d e c r e a s e  of caccade s o l i d i t y ,  t h e  f r i c t i o n  
area between the  blades and gas and t h e  f r i c t i o n  losses  i n  t h e  cas- 
cade dec rease .  Eowever, a t  the  same time, t h e  pressure on t h e  con- 
cave ( f a c e )  s!.Je i n c r e a s e s ,  and on t h e  convex (back)  s i d e  d e c r e a s e s .  

< 
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This  causes  i n c r e a s e d  v e l o c i t y  on t h e  back 
o f  the p r o f i l e  and i o c a l  d i f f u s i o n  o f  r;he 

flow on t h e  a f t  p o r t i o n  of t h e  convex side Qf 
the p r o f i l e ,  which can  lead t o  boundary l a y e r  
s e p a r a t i o n  and,  cocsequen t ly ,  i n c r e a s e d  
l o s s e s .  

F i g u r e  1.11. De- 

l o s s e s  on a n g l e  o f  
a t t a c k  

The opposing i n f l u e n c e  of  these two pendence of p rc  f i l e  
f a c t o r s  means that f o r  each  cascade ,  there i s  
a n  op t ima l  s o l i d i t y  ( r e l a t i v e  s p a c i n g )  f o r  
which the  l o s s e s  i n  it are minimal. 

The op t ima l  r e l a t i v e  cascade s p a c i n g  can be  de te rmined  from t h e  

empir ical  formula proposed by V. I. D y s h l e v s k i y :  

where c = c 

p r c f l l e  t h i c k n e s s ) .  

/b - r e l a t i v e  p r o f i l e  t h i c k n e s s  (cmax - maximum max 

(1.11 ; 

Formula (1.11) g i v e s  s a t i s f a c t o r y  results f o r  a n g l e s  B, < 40'. 

For t h e  s t a t o r ,  it i s  necessa ry  t o  replace B, by a. arid B by ul. 2 

It is  impor tan t  t o  n o t e  t h a t  (1.11) does not  r e f l e c t  d i r e c t l y  
the i n f l u e n c e  o f  the v e l o c i t y  l e v e l  i n  t he  cascade  on ( t / b I o p t .  It 

is  obvious tha t ,  c+.her condi t ion:  be ing  e q u a l ,  t h e  larger t h e  cascade  
o u t l e t  v e l o c i t y  A2, t h e  l a r g e r  the  cascade  s o l i d f t y  must be.  

The e f f e c t i v e n e s s  o f  a t u r b i n e  i s  e v a l u a t e d  by  i t s  e f f i c i e n c y .  

I n  a v i a t i o n  t u r b j n e s ,  accoun: fur a l l  i r r e v e r s i b l e  hydrodynamic 
l o s s e s  i s  u s u a l l y  made w i t h  t h e  h e l p  o f  t h e  e f f i c i e n c y ,  based on 
t o t a l  flow parameters: 

2 3  

1 



I 

where Lr=i i -q  - e f f e c t i v e  t u r b i n e  work a t  the  wheel c i rcumference ;  

= i; - qad = c r  P o[ I -  (:r], - - adiabatic work o f  gas expans ion  L*ad.T 

i n  the t u r b i n e .  T h i s  e f f i c i e n c y  i s  convenient  f o r  a n a l y s i s  o f  n v -  

cesses I n  a gas turbTne er,gl.;., and f o r  a n a l y s i s  o f  the  combined per-  
fortrance o f  t he  t u r b i n e  and t h e  p r o p u l s i v e  ~?r,z;-le. 

We w i l l  f i n d  the ccnnec t ion  between the  l o s s  c o e f f i c i e n t  and 
the  t u r b i n e  e f f i c i e n c y :  

Hence, 

where 

and 6 

$4- , E l  
e', 

1 -- 
*'ad. T 

- i r r e v e r s i b l e  losses and l o s s  c o e f f i c i e n t  i n  t h e  

i n d i v i d u a l  t u r b i n e  s t a g e s .  

The e f f i c i e n c y  o f  t h e  t u r b i n e  s t a g e  can a l s o  be determined from 
t h e  known va lues  o f  t h e  v e l o c i t y  c o e f f i c i e n t s  I$ and J I :  

(1.12) 
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/ 2 3 ;  P 
For e s t i m a t i n g  t u r b i n e  hydrodynamic e f f e c t i v e n e s s ,  t h e  adia- 

I 
I A 

batic e f f i c i e n c y  is sonet imes  used, which is  d e f i n e d  i n  terms of t h e  ; 
flow unre t a rded  parameters a t  t h e  t u r b i n e  o u t l e t :  it 

C 

f ( 1 . 1 4 )  1 

1 

t 

For e s t i m a t i n g  t h e  e f f e c t i v e n e s s  of  t he  t u r b i n e  as a d r i v i n g  machine 
( turboprop  engine  t u r b i n e s ,  s t a t i o n a r y  gas t u r b i n e s ,  and access3 ry  
d r i v e  t u r b i n e s ) ,  a l o n g  w i t h  t h e  e f f i c i e n c i e s  r$ and ' I :~.~,  w e  use  t he  

e f f e c t i v e  (power) e f f i c i e n c y ,  d e f i n e d  by t h e  r a t i o  o f  t h e  e f f e c t i v e  i 

work which can be t aken  from t h e  t u r b i n e  shaf t  t o  t h e  a v a i l a b l e  
energy o f  t h e  gas f lowing  through t h e  machine: 

(1.15) 

The e f f e c t i v e e f f i c i e n c y  c h a r a c t e r i z e s  t h e  degree o f  u t i l i z a t i o n  
o f  the a v a i l a b l e  energy (LadnT ) f o r  o b t a i n i n g  shaft work (LT) i n  t h e  

a c t u a l  gas  expansion p rocess ,  i . e . ,  a l l  l o s s e s  i n  t h e  t u r b i n e  are 
accounted  f o r ,  i n c l u d i n g  t h o s e  a s s o c i a t e d  w i t n  t h e  e x i t  v e l o c i t y .  

.' I 

c 
' Y  

a 

All three e f f i c i e n c i e s  cons ide red  above are in t e rconnec ted .  We 
w i l l  f i n d  t h e  connec t ion  between qtf, q a d e T ,  and qT. 

S u b s t i t u t i n g  LT from (1.15)  i n t o  ( 1 . 1 2 )  and (1.14), we o b t a i n :  

(1.16) 

C 2  I 
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Equat ing  t h e  r i g h t  hand s ides  o f  these e q u a t i o n s ,  we o b t a i n ,  
after some manipula t ion :  

(1.18) 

For contemporary a v i a t i o n  gas t u r b i n e s ,  t h e  v a l u e s  a t t a i n e d  for 
the  above e f f i c i e n c i e s  i n  t h e  d e s i g n  regime l i e  i n  t h e  f o l l o w i n g  
l i m i t s  : '1: 4,89+0.93; qad,T'Qg-%% *= 0.75~- 

The highest e f f i c i e n c i e s  are ach ieved  i n  mul t i - s t age  t u r b i n e s .  
The adiabatic e f f i c i e c c y  o f  t h e  i n d i v i d u a l  t u r b i n e  stages reaches  
n!t = 0.91 - 0.925. 

Besides t h e  e f f i c i e n c i e s  examined above, the  h y d r a u l i c  e f f e c -  
t i v e n e s s  o f  gas  t u r b i n e s  i s  sometimes estimated w i t h  t he  h e l p  o f  t he  
p o l y t r o p i c  e f f i c i e n c y ,  based on t o t a l  f low parameters :  

where n - p o l y t r o p i c  exponent o f  t h e  e f f e c t i v e  p rocess  which char -  
a c t e r i z e s  t h e  change of t h e  t o t a l  f low parameters i n  t h e  t u r b i n e .  

For a c t u a l  t u r b i n e s  w i t h  va r ious  stage load ing ,  t h e  p o l y t r o p i c  
e f f i c i e n c i e s  l i e  i n  t h e  r snge  q* = 0.88 - 0.92.  The maximum poly- 

t r o p i c  e f f i c i e n c y  reaches 0.92 - 0 .925 ,  and has  p r a c t i c a l l y  no t  
changed r e c e n t l y .  

P O 1  

1 . 4 .  Concept of  Turoine S tage  Degree o f  Reac t ion  

The gas expsns ion  p rocess  occur s  i n  both t h e  s t a t o r  and r o t o r  
of  t h e  ga.s t u r b i n e  s t a g e .  i'he r a t i o  c f  t h e  adiabat ic  work o f  gas 
expansion i n  t h e  s t a t o r  and r o t o r  o f  t h e  elementary s t a g e  I s  charac-  
t e r i zed  by t h e  degree  of p .  By s t a g e  degree  of  r e a c t i o n ,  we mean 
t h e  r a t i o  of a d i a b a t i c  gas expansion work i n  t h e  r o t o r  t o  t h e  adia- 
b a t i c  gas expansion work i n  t h e  e n t i r e  s tage .  

? 
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Lad. r 
P =- 

Lad.st 

where 

The e n t h a l p y  charge  e q u i v a l e n t  t o  the  adiabati  gas expansion 
Corre- work i s  c a l l e d  the  a v a i l a b l e  ( a d i a b s t i c )  en tha lpy  H = Lad. 

spondingly ,  t h e  degree o f  r e a c t i o n  i s  o f t e n  d e f i n e d  as t h e  r a t i o  o f  
a d i a b a t i c  en tha lpy  i n  t h e  r o t o r  t o  t he  a d i a b a t i c  en tha lpy  i n  the 
stage: p = Hr/Hst. 

The degree  o f  r e a c t i o n ,  while d e f i n i n g  the r a t i o  o f  t h e  gas  ex- 
pans ion  works i n  t h e  stage ele, n t s ,  i s  a t  the  same time a parameter 
which c h a r a c t e r i z e d  r o t o r  cascade convergence. With i n c r e a s e  o f  p ,  
t h e  degree of gas expansion and, consequent ly ,  t h e  r o t o r  cascade  
channel  convergence i n c r e a s e s .  

With p = 1, the  gas expands only i n  t h e  r o t o r ,  whi le  only f low 
t u r n i n g  occurs  i n  the  s t a t o r ,  and the  gas p r e s s u r e  does not  change 
(P, = Pg).  

I n  a n  a c t i v e  t u r b i n e  ( p  = 0 ) ,  t h e  gas  expands only i n  %he s t a t o r ,  
and the  gas  p r e s s u r e  does no t  change i n  t h e  r o t o r  (pi  = p l ) .  

With p < 0 ,  s t a t i c  p r e s s u r e  i n c r e a s e ,  rather t h a n  d e c r e a s e ,  
occu r s  i n  t h e  r o t o r .  The i n t e r b l a d e  channel  i n  such a cascade w i l l  
b e  d i f f u s i v e .  I n  t u r b i n e  cascades  having l a r g e  flow t u r n i n g  a n g l e s ,  
n e g a t i v e  r e a c t i o n  can lead t o  boundary layer s e p a r a t i o n  and addi -  
t i o n a l  I n c r e a s e  of  t h e  cascade  l o s s e s .  The re fo re ,  a n e g a t i v e  deg ree  
of r e a c t i o n  i s  n o t  u s u a l l y  a l lowed i n  t h e  des ign  regime. 

2 ;’ 



’he degree of r e a c t i o n  d e c r e a s e s  from t h e  blade pe r iphe ry  toward 
the o l a d e  r o o t  f o r  a l l  of t he  commonly used d i s t r i b u t i o n s  of t h e  flow 
parameters  a l o n g  the  r a d i u s .  The n a t u r e  of p v a r i a t i o n  a long  t h e  

r a d i u s  depends c h i e f l y  on the f low parameter  d i s t r i b u t i o n  law a long  
the r a d i u s  (see 8 2 . 4 ) .  

I n  o r d e r  t o  avo id  n e g a t i v e  r e a c t i o n  a t  t he  blade r o o t ,  the  va lue  
of p a t  the mean rad ius  is chosen i n  t h e  l i m i t s  pm = 0.25 - 0.5. 

The larger v a l u e s  of P p e r t a i n  t o  the  s t a g e s  which have larger 
r e l a t i v e  blade l e n g t h  (smaller v a l u e  o f  t h e  r a t i o  Dm/hb). 

The degree o f  r e a c t i o n  based on adiabatic en tha lpy  drops  is no t  
d i r e c t l y  connected w i t h  the Blow k lnemat i c s .  The re fo re ,  i n  t u r b i n e  
t h e o r y ,  the  concept  o f  k inemat ic  degree  o f  r e a c t i o n  i s  sometimes 
in t roduced:  

The k inemat ic  degree of  r e a c t i o n ,  which i n v o l v e s  t h e  r a t i o s  o f  
en tha lpy  drops  e q u i v a l e n t  t o  t h e  a c t u a l  v e l o c i t i e s ,  i s  determined by 

t he  v e l o c i t y  t r i a n g l e ,  t h a t  is ,  i t  is  connected w i t h  the  flow kine-  
ma t i c s  i n  the &.:age. The re fo re ,  t h i s  is B convenient  paramet r t o  
use  i n  p r a c t i c a l  t u r b i n e  des ign .  With r e g a r d  t o  i t s  a b s o l u t e  va lue ,  
i t  i s  somewhat smaller t h a n  t h e  degree  of r e a c t i o n  based on the  r a t i o  
o f  t h e  a d i a b a t i c  e n t h a l p y  drops  (by approximate ly  1 .5  - 2 % ) .  This  
d i f f e r e n c e  w i l l  b e  smaller, the  less  t h e  ax ia l  v e l o c i t y  components 
a t  t h e  r o t o r  i n l e t  and o u t l e t  d i f f e r ,  and t h e  smaller t h e  p o r t i o n  
o f  h y d r a u l i c  losses i n  t h e  s t a g e  which c o n s i s t  of l o s s e s  i n  t h e  r o t o r .  
I n  c a l c u l a t i o m ,  pk i s  chosen i n  t h e  same l i m i t s  recommended f o r  t h e  

thermodynamic degree of  r e a c t i o n :  

1 .5 .  Bas ic  Turb: .e Stage Governing Parameters 

I n  des ign ing  a t u r b i n e ,  t h e  t o t a l  p r e s s u r e  p;, t o t a l  tempera- 

tu re  “E, gas f l o w r a t e  G ,  work LT, and t u r b i n e  r o t o r  speed are u s u a l l y  

t h e  i n i t i a l  va lues .  

28 



In order to design a turbine, it is necessary to select, the 
basic characteristic parameters for each stage which allow us to con- 
struct the velocity triangles and ensure that we obtain the required 
turbine work with high efficiency. 

The characteristic parameters are usually chosen for the mean 
turbine radius. From them, in accordance with the specified initial .E 
data, the velocity triangles are computed, and the flow parameter 
variation in the stage along the blade length is determined. 

It is obvious from examination of the velocity diagram (see 
1 Figure 1.4) that, for known turbine stage work Lst, it is sufficient i 
I 

f to know four dimensional or dimensionless characteristic parameters 
to construct the velocity triangles characterizing the klnematics 2 

i 
of the .gas flow in the stage. i 

I 

The losses in a turbine and its efficiency depend on proper 
i choice of t.e magnitude of the governing parameters. 
I 

The following quantities can be taken as the turbine stage 1 

i governing parameters. 
? 

1. The loading coefficient 11, which is the ratio of work taken 
from the turbine rotor to the parameter u2 at the corresponding 
radius : 

Since usually Lu 2 Lst = u(q,+czu), then 
t p=cl. + ca 

0 -  

For given turbine stage work, the loa?ing factor uniquely deter- 
mines the magnitude of the circumferential velocity u = -. I 

2. Degree of reaction. 



The magnitude of  t h e  degree  o f  r e a c t i o n  de te rmines  t h e  d i s t r i -  
b u t i o n  o f  t h e  p r e s s u r e  r a t i o s  between s t a t o r  and r o t m  and, i n  com- 
b i n a t i o n  wi th  o t h e r  parameters ,  a l l ows  us  t o  f i n d  the  k inemat ic  flow 
parameters  and c o n s t r u c t  t h e  v e l o c i t y  t r i a n g l e s .  

3 .  The Mach number based on the  ax ia l  v e l o c i t y  a t  t h e  stage 
e x i t  M2a. 

the l o s s e s  i n  the t u r b i n e  and i n  the  p o s t - t u r b i n e  d i f f u s e r ,  t h e  be- 

h a v i o r  o f  the  c h a r a c t e r i s t i c s ,  and t h e  t u r b i n e  work margin i n  t he  

GTE s y s t e m .  

The va lue  o f  M2a i n f l u e n c e s  the  flow s e c t i o n  dimensions F2,  

By t u r b i n e  work margin i n  the  GTE sys tem,  w e  mean i t s  a b i l i t y  /27 
t o  i n c r e a s e  i t s  work wi th  p r e s s u r e  decrease behind i t  and w i t h  con- 
s t a n t  turbo-compressor r o t a t i o n a l  speed. When t h e  e f f e c t i v e  f u r b i n e  
work i n  t h i s  s i t u a t i o n  c e a s e s  t o  increase,  s o - c a l l e d  t u r b i n e  "choking" 
w i t h  r e g a r d  t o  work occur s .  

The work margin magnitude i s  determined by t h e  d i f f e r e n c e  be- 

tween t h e  maximum work and i t s  va lue  i n  t h e  des ign  regime. 

4. The a n g l e  a2 between t h e  a b s o l u t e  flow v e l o c i t y  v e c t o r  a t  

t h e  t u r b i n e  e x i t  and t h e  p l ane  of  r o t a t i o n .  

t he  l o s s e s  i n  t he  p o s t - t u r b i n e  d i f f u s e r  and engine  p r o p u l s i v e  nozz le ,  
de te rmines  t h e  number M2a a t  which ' t s t a l l i , i g t t  of  t h e  t u r b i n e  w i t h  

r e g a r d  t o  work occur s ,  and i n f l u e n c e s  the  o p e r a t i o n  o f  the fo l lowing  
stage*. 

The a n g l e  a2 de termines  

5. The a x i a l  v e l o c i t y  r a t i o  K,,-c&,,. The form o f  t h e  v e l o c i t y  
t r i a n g l e s  and the  form o f  t h e  t u r b i n e  s t a g e  flow p a t h  mer id iona l  
p r o f i l e  depend on Ka. 

# 
The a n g l e s  al or 8, can a l s o  b e  used a s  governing parameters .  



ad = -9 
6. The parameters  u/cl, u/cad, o r  u/c:~, where c 

cEd = c. 
v a l u e s  of  these parameters :  

The t u r b i n e  s t a g e  load c o e f f i c i e n t  depends on t h e  

i n g  

and 

where 6, = Lst/Lu - f a c t o r  accoun t ing  f o r  l eakage  flow i n  t he  radial  

gap and f r f c t i o n  between t h e  d i s k  and r i m .  
S ince :  

Usual ly ,  6r = 0.97 - 0.98. 

I n  a v i a t i o n  gas  t u r b i n e  des ign ,  t h e  b e s t  approach i s  t o  us,  a 
computation method based on t h e  f o l l o w i n g  governing parameters :  

E i the r  o f  these s y s t e m s  de te rmines  t h e  f low k inemat ics  a t  a given 
r a d i u s .  

Besides these,  c a l c u l a t i o n  methods are used i n  which the  govern- 
parameters  are u/cad ( o r  u /c l ) ,  

o t h e r  combinat ions.  

P, al, @,, o r  u/cl, P, 
a19 

t 
For a v i a t i o n  GTE t u r b i n e s ,  t h e  sys t em o f  governing parameters 3 ,  

which i n c l u d e s  t h e  parameter u/cad i s  inconven ien t ,  s i n c e  f o r  such 

t u r b i n e s  t h e  e f f e c t i v e  and not t h e  a d i a b a t i c  work i s  g iven .  However, 
f o r  g iven  e f f e c t i v e  work LT and t h e  parameter  u/cad selected as /28 
i n i t i a l  parameter, t h e  t u r b i n e  c i r c u m f e r e n t i a l  v e l o c i t y ,  which t o  a 
l a r g e  e x t ? n t  de te rmines  i t s  f r o n t a l  dimensions,  cannot  b e  found u n t i l  
t h e  a d i a b a t i c  work L a d e T  i s  determined as a r e s u l t  o f  c a l c u l a t i o n .  



Besides t h i s ,  the magnitudes of t he  ang le  cL and the nw-ber MZc 

cannot be specif ied d i r e c t l y  when us ing  t h i s  s y s t e m  of governing 
parameters. 
t u r n  out  t o  be unacceptable,  which makes I t  necessary t o  ca r ry  ou t  
s e v e r a l  c a l c u l a t i o n  v a r i a n t s .  

They are determined as a restilt of  c a l c u l a t i o n s  pnd may 

Theop t ima lva lues  o f  the  governing parsmeters are chosen on t h e  
basis of  a n a l y s i s  of t h e i r  i n f lucnce  on t u r b i n e  stage e f f i c i e n c y  
anu work. 
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CE.IPTER I1 

BASIC TURBINE PARAMETERS AND THEIR INFLUENCE 
ON TURBINE EFFICIENCY 

2.1.  Turbine Stage Loading 

The gas  dynamic loading  o f  a t u r b i n e  stage is usua l ly  charac- /29 
t e r i z e d  by t h e  work o r  enthalL7y drop r e a l i z e d  In  t h s  s t a g e  f o r  a 
given r o t o r  cl .rciu!ferential  ve loc i ty .  

8 "  

The parameter u/cad o r  t h e  stage ?oad cc:ff{c€ent 1. - L ,  1 , -  

taken i n  p r a c t i c e  as the  c r i t e r i o n  c h a r a c t e r i z i n g  t u r b i n e  s t a g e  load- 
ing,  where 11 i s  the  c i r cumfe ren t i a l  ve loc i ty  a t  tt?e s t a g e  meac dia- 
neter ,  and cad is the  e f f e c t i v e  v e l o c i t y  of a f l o w  wncsi k i n e t i c  

energy i s  equal  t o  t h e  a v a i l a b l e  work of gas expansion i n  t h e  stage: 

i s  

A s  was said above, use of  t h e  parameter u/cad i n  GTE t u r b i n e  

design i s  o f t e n  extremely unsu i t ab le ,  s i n c e  t h e  v e l o c i t y  cad f o r  a n  

in te rmedia te  o r  f i n a l  stage of a mul t i s t age  t u r b i n e  i s  a func t ion  of 
many gasdynamlc q u a n t i t i e s  which are obtair 'ed 3s t h e  r e s u l t  o f  com- 
p l e t e  t u rb ine  a n a l y s i s  and, consequently,  are unknown a t  the  begin- 
ning of  t h e  design.  

? 
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It is  more s u i t a b l e  t o  use  the load  c o e f f i c i e n t  P, which does 
not  have t h e  above drawback, t o  c h a r a c t e r i z e  t u r b i n e  s t a g e  load ing .  

The advantages o f  u s ing  ;he load  c o e f f i c i e n t  as t h e  t u r b i n e  
loading  c r i t e r i o n  appear  e s p e c i a l l y  i n  ana lyz ing  m u l t l s t a g e  t u r b i n e s ,  
when the  n e c e s s i t y  arises to d i s t r i b u t e  the work f o r  t h e  e n t i r e  t u r -  
b ine  zmong its stages. This  is a n  impor tan t  problem, because n o t  
only the  geometr ica l  dimenstons o f  t he  t u r b i n e  flow path 3r t h e  form 
of  i t s  mer id iona l  c r o s s  s e c t i o n ,  bu t  a l s o  the o p e r a t i o n a l  c n a r a c t e r -  
i s t i c s  o f  the t u r b i n e  and engine ( t u r b i n e  e f f i c i e n c y  as a f u n c t i o n  of 
r o t a t i o n a l  speed ,  engine  s t a r t i n g ,  a c c e l e r a t i o n ,  and so f o r t h )  w i l l  
be determined by the work d i s t r i b u t i o n  between t h e  stages. 

For example, i n  the  two-stage t u r b i n e  o f  a s i n g l e - s h a f t  eng?.ne 
wi th  given work o f  the  e n t i r e  t u r b i n e ,  the  higher t h e  first-stage 
loading ,  t h e  easier it i s  t o  des ign  the  second stage wi th  a x i a l  gas  
d ischarge  and t h e  lower t h e  tempera ture  o f  i t s  r o t o r  blades,  which 
because of  g r e a t e r  l e n g t h  undergo h ighe r  loads t h a n  the  first-stage 
blades from the e f f e c t  o f  c e n t r i f u g a l  and o f t e n  the  gas  f o r c e s .  

When d i s t r i b u t i n g  the  work between stages,  it i s  a l s o  necessa ry  
t o  cons ider  t u r b i n e  o p e r a t i o n  in t h e  of f -des ign  regimes.  It is  known 
that wi th  decrease  or' t h e  p r e s s u r e  d i f f e r e n t i a l  i n  t h e  t u r b i n e ,  t he  
p res su re  drop i n  t h e  l as t  s t a g z s  e e c r e a s e s  most. Therefore ,  w i t h  

small loads ,  pa r ' t cu l a r l z  i n  engine  regimes neb? i d l e ,  the  second 
stage unloads s o  much t h a t  i t  can en ter  the  so-cal-led compressor re- 
gime i n  which t h e  work t aken  from t h i s  s t a g e  Lst 5 - 0.  

t u r b i n e  stages, the  g r e a t e r  t h e  degree  t o  dhich t h i s  occu r s .  I n  t h e  

mul t i s t age  t u r b i n e ,  t h e  last  stage can e n t e r  thf:  compressor regime 
even with comparat ively small dec rease  i n  t h e  tur tocompressor  speed  
coapared t o  i t s  maximum va lue ,  s i n c e  In t h i s  case t h e  vo lumet r i c  gas 

f lowra te  through the f i rs t  t u r b i n e  stage changes very l i t t l e ,  and 
t h e  g r e a t e r  the  p r e s s u r e  r a t i o  i n  t h e  cornpressor a t  maxixcal speed,  
t h e  l a r g e r  the r eg ion  of compressor slowdown i n  which t h e  volume flow 
remains unchanged. I h e r e f c r e ,  t h e  p r e s s u r e  d i f f e r e n t i a l  r e a l i z e d  
a c r o s s  t h e  f i rs t  s t a g e  a l s o  remains p rac t i ca l ly  unchanged. And s i n c e  
t h e  o v e r a l l  p r e s s u r e  d i f f e r e n t i a l  on t h e  expansion l i n e  d e c r e a s e s  

The more 
f 

f 
1 - 
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with  decrease of r o t a t i o n a l  speed  ( p r e s s u r e  behind the compressor 
d e c r e a s e s  f o r  c c n s t a n t  a tmospher ic  p r e s s u r e ) ,  t h i s  occur s  a t  first a t  
t h e  expense o f  a decrease of t h e  p r e s s u r e  d m p  i n  t h e  p r o p u l s i v e  
nozz le  (wi th  c o n s t a n t  t h rok r .  area), arri t h e n  a t  t h e  expense of a de- 

c r e a s e  i n  the p r e s s u r e  drop  i n  t h e  last t u r b i n e  stages. 

Such a t u r b i n e  w i l l  have POOP s t a r t i n g  character is t ics ;  t h i s  is, 
engine  s t a r t i n g  w i l l  be d i f f i c u l t .  One the basis o f  these cons ide ra -  
t i o n s ,  it is desirable t o  l o a d  t h e  last t u r b i n e  stage more t h a n  t h e  
first s t a g e s .  

On the  o t h e r  hand, ove r load ing  t h e  last t u r 5 i n e  stages can  
change the  u s u a l  r-ature o f  t u r b i n e  e f f i c i e n c y  v a r i a t i o n  w i t h  change 
of r o t a t i o n a l  speed,  so  t h a t  the maximal e f f i c i e n c y  w i l l  no t  be ob- 

t a i n e d  at t h e  maximum speed,  b u t  at a lower speed (F igu re  2.1) Ob- 

v i o u s l y ,  the  d i s t r i b u t i o n  o f  work between 
stages also depends on the  f low path 
scheme i n  the  mer id iona l  s e c t i o n .  If-, f o r  
example, w e  take the flow p a t h  scheme wi th  

c o n s t a n t  o L t e r  dizueter (see F i g u r e  3 .7a ) ,  
i t  i s  clear that a l l o c a t i o n  o f  more o r  
even t h e  same work t o  the last  stage as 
t o  t h e  first is n o t  p o s s i b l e  wi thou t  
a p p r e c i a b l e  decrease i n  t h e  t u r b i n e  
e f f i c i e n c y  a t  t h e  des ign  maximal speed.  
The re fo re ,  i n  the t u r b i n e  d e s i g n ,  t he  
d i s t r i b u t i o n  o f  work between t h e  stages 
must be  made w i t h  account  f o r  t h e  r e q u i r e -  
ments h p o s e d  on the  eng ine  as a whole. 

t u r b i n e  e f f i c i e n c y  as 

F i g u r e  2.1. I n f l u -  131 I 

ence  o f  l o a d  d i s t r i -  I 

b u t i o n  on two-stage 

a f u n c t i o n  o f  rota- 
t i o n a l  speed  

The l o a d  c o e f f i c i e n t  i s  one of  the p a r m e t e r s  whicn determine  
t u r b i n e  s t a g e  e f f i c i e n c y .  We w i l l  f i n d  t h e  dependence of e f f i c i e n c y  
on t h e  l o a d  c o e f f i c i e n t .  

From t h e  e x p r e s s i o n s  fo r  t h e  t u r b i n e  s t a g e  load c o e f f i c i e n t  and 
e f f i c i e n c y ,  w e  f i n d :  
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LadnT ,A 
L c =  frp’ X22Lad 
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4 - ‘  

Then, 

Analogously, I s  is possible to f ind  the relations qad(p) and I-$(V): 

hence, 

substituting (2 .2 )  and (2 .1)  into: 

w e  f ind:  

We w i l ;  f ind the r z l a t i o n  q = f ( p \  f o r  corresponding values of  
QI.%*, and p .  

The e f f e c t i v e  turbine stage e f f i c i ency:  

From the ve loc i ty  diagram (See Figure 1.4), we have: 
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is  the adiabat ic  gas expans ion  /x - 
c 

- PLad.st where C~-cacOaar,  and Lad,r 

work i n  t he  r o t o r .  

X t  is p o s s i b l c  t o  set u1 = u2. Then, after s u b s t i t u t i n g  t he  

va lue  of w1 f r o m  (2 .6)  i n t o  (2.51, and t h e n  s u b s t i t u t i n g  t h e  r e s u l t -  

i n g  e x p r e s s i o n  f o r  c2u i n t o  (2.4!, we o b t a i n ,  after some manipula t ion :  

The t u r b i n e  s t a g e  adiabatic e f f i c i e n c y  

- - L s t  +a 
‘lad. T k 3 . T  * 

After s u b s t i t u t i n g  the  v a l u e s  4=8ar,-*-&C, and t,=g(c,-+c,,) , and 
some manipula t ion ,  w e  o b t a i n :  

In  t u r n ,  

Then, af ter  s u b s t i t u t i n g  (2 .9 )  i n t o  (2.8), znd d i v i d i n g  numer- 
a t o r  and denominator o f  t h e  r e s u l t i n g  e x p r e s s i o n  by c i=W(l -~ )  
and af ter  some man ipu la t ion ,  w e  o b t a i n :  

Ladest ,  

- k U - a * +  19raPZad.st+C:+a*-2pC,~Qp] - 
‘ad.T %d ! 

i 

(2.10) 

i 
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This  e x p r e s s i o n  i s  not  e n t i r e l y  s u i t a b l e  f o r  a n a l y s i s  o f  t u r b i n e  
stage o p e r a t i o n  because the  v e l o c i t y  c1 i s  no t  a c h a r a c t e r i s t i c  para-  

meter. 

t h e  t u r b i n e  can b e  d i f f e r e n t ,  and f o r  a c o n s t a n t  en tha lpy  drop, i t  is 

p o s s i b l e  t o  have v a r i o u s  v e l o c i t i e s  cl. 

better t o  re la te  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  o f  t h e  t u r b i n e  wheel 
t o  Cad. 

w r i t t e n  i n  the form: 

Thus, f o r  sane v e l o c i t y  c l ,  t h e  en tha lpy  drop real ized i n  

The re fo re ,  i t  i s  always 

The r e l a t i o n s h i p  between t h e  v e l o c i t i e s  c1 and c1 ad can  b e  

Then, 

(2 .11 )  

S u b s t i t u t i n g  the va lue  o f  x1 from ( 2 . 1 1 )  i n t o  (2.101, we o b t a i n ,  /& 
af ter  manipula t ion :  

( 2 . 1 2 )  

I n  t h e  r e l a t i o n s  ob ta ined  f o r  'IT (u /cad)  and, consequent ly ,  
P (u i cad ) ,  there  +pears t h e  a n g l e  B 

many parameters, such as t h e  c i r c u m f e r e n t i a l  v e l o c i t y  u ,  t h e  a n g l e  
al, t h e  r e a c t i v i t y  p, and o t h e r s .  T h i s  dependence, i n  g e n e r a l  form, 

i s  q u i t e  complex; t h e r e f o r e ,  we l i m i t  o u r s e l v e s  t o  i t s  de t e rmina t ion  
f o r  s p e c i a l  c a s e s  which are c h a r a c t e r i s t i c  and s u i t a b l e  f o r  
f u r t h e r  use.  

whose magnitude depends on 2' 

I f  we assume c o n s t a n t  va lues  of  t h e  v e l o c i t y  c o e f f i c i e n t s  4 m a  
$, t h a t  i s ,  we d i s r e g a r d  t h e i r  change w i t h  change i n  u/cad, and also 

assume d e f i n i t e  va lues  o f  al and p ,  t h e n  rlT, 'lad, and p w i l l  depend 

uniquely on u/cad. 
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We w i l l  examine t h e  case  when t h e  r e a c t i v i t y  i s  e q u a l  t o  z e r o .  
T h i s  p e r t a i n s  t o  the  blade r o o t  s e c t i o n ,  where the  stage has verb 
small o r  z e r o  r e a c t i o n .  For a stage wi th  04, t h e  r o t o r  cascade  i n -  
l e t  and o u t l e t  a n g l e s  are p r a c t i c a l l y  equal(61-BO). 

From the v e l o c i t y  t r i a n g l e ,  we have: 
el#--sr - C1co801- .  ash= - 

w v c ~ + u ~ - 2 u c ~ c o s ~  - (2 .13)  

Div id ing  t h e  numerator and denominator o f  (2 .13)  by c l ,  and expres s -  

i n g  x1 th rough x, w e  o b t a i n ,  a f t e r  some manipula t ion :  

( 2 . 1 4 )  

We s u b s t i t u t e  t k e  e x p r e s s i o n  f o r  c o s h  from ( 2 . 1 4 )  i n t o  ( 2 . 7 ) .  
Then, f o r  the  case  Q-0, w e  f i n d ,  from ( 2 . 1 )  and ( 2 . 7 ) :  

1 We see %hat the  l o a d  c o e f f i c i e n t  p i n  a q u i t e  wide r e g i o n  o f  a 

change v a r i e s  l i t t l e ,  and i s  p r a c t i c a l l y  a unique f u n c t i c n  o f  u/cad. 

t 
1 For t h e  case wider c o n s i d e r a t i o n  ( ~ " 0 )  : 

'1, = 2x ['p cos a, + 9 (9 cos a, - x)- x] (2 .16)  

and 

From examinat ion o f  these e x p r e s s i o n s ,  i t  i s  no% d i f f i c u l t  t o  
convince o u r s e l v e s  t h a t  t h e  maxima of  t h e  a d i a b a t i c  and e f f e c t i v e  
e f f i c i e n c i e s  cor respond t o  e s s e n t i a l l y  d i f f e r e n t  va lues  o f  u/cad. 

1 

S u b s t i t u t i n g  ( 2 . 1 6 )  and (2.17) i n t o  (2 .31 ,  and u s i n g  (2 .151,  - /34 
we o b t a i n :  

(2.18) 
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only f o r  c o n s t a n t  va lues  o f  t h e  c o e f f i c i e n t s  Q and J, and t h e  a n g l e  al. 3 
J 
g 

'1; 

We f i n d  t h e  op t ima l  t u r b i n e  s t a g e  l o a d  c o e f f i c i e n t  by i n v e s t i -  
g a t i n g  (2 .18)  f o r  a maximum. 

wi th  r e s p e c t  t o  p and e q u a t i n g  it t o  z e r o ,  w e  f i n d  t h e  e x p r e s s i o n  

After computing t h e  d e r i v a t i v e  of n t  

a t  which the  t u r b i n e  s t a g e  e f f i c i e n c y  w i l l  b e  maximal:  o p t  f o r  u 

Analogously t o  t h e  p reced ing  case (e-0), t h e  r e l a t i o n  $-f(tr) 

is found f o r  Q-0.5, which i s  r e p r e s e n t e d  g r a p h i c a l l y  i n  
F igu re  2.2.  

A l l  t h e  r e l a t i o n s  p r c s e n t e d  above were o b t a i n e d  by n e g l e c t i n g  
the change i n  the  c o e f f i c i e n t s  Q and J, w i t h  change i n  t h e  load  coef-  
f i c i e n t =  I n  real i ty ,  t h e  v e l o c i t y  c o e f f i c i e n t s  $ and J, vary w i t h  

changes i n  p ana  x. They dec rease  
w i t h  i n c r e a s e  i n  t h e  stage load-  
i n g .  Consequently,  i n  t h e  g e n e r a l  
ca se ,  t h e y  cannot  be assumed con- 
s t a n t ;  however, a t  the same time, 
account  f o r  t h e i r  change i s  t o o  
cumbersome. Therefore ,  i t  is  
b e t t e r  t o  use expe r imen ta l  data 
t o  f i n d  %:=f(P) .  Figure  2.2.  Dependence o f  

t u r b i n e  e f f i c i e n c y  n:, l o a d i n g  
c o e f f i c i e n t  f o r  p = 0.5  We can u s e  t h e  r e su l t s  o f  an  

expe r imen ta l  i n v e s t i g a t i o n  of 
f i v e  different t u r b i n e s  w i t h  o u t e r  diameter Do = 600 mm. The t u r -  

b i n e s  are d i s t i n g u i s h e d  by t h e  f o l l a w i n g :  

- / 35 a )  

b )  r e l a t i v e  hub diameter (a  = 0.65 - 0.75) ;  

b l a d e  a b s o l u t e  l e n g t h  (hb  = 40 - 1 0 0  m n i ) ;  

c )  a n g l e  a1 a t  t h e  mean r a d i u s  (alm = 1 8  - 25' and al * 30 - 3 6 ' ) ;  

40 



d )  
e )  flow p a t h  shape i n  mer id iona l  s e c t i o n  (from c y l i n d r i c a l  t o  

f) 

gas expansion r a t i o  i n  t h e  t u r b i n e  (3:-7.0-3JI); 

s l i g h t l y  d i v e r g i n g  a l o n g  the i n n e r  diameter, y i  = 0 - 12O); 
l o a d  c o e f f i c i e n t  re fe r red  t o  t k  r o o t  secti.Cn ( p i  = 1.5 - 
3.0). 

I 
. -- 

The r e s u l t a n t  expe r imen ta l  data pe rmi t t ed  us t o  c o n s t r u c t  t he  
r e l a t i o n s h i p  between t h e  maximal e f f i c i e n c y  and t h e  l o a d  c o e f f i c i e n t  
a t  t h e  b l ade  r o o t  s e c t i o n  f o r  f i x e d  Mach numbers a t  t he  t u r b i n e  out -  
l e t  (F igu re  2.3). For  ease o f  use ,  these graphs  are pyesented  i n  the 
form o f  the r e l a t i v e  e f f i c i e n c i e s  of  f u n c t i o n s  of the  load  c o e f f i -  
c i e n t s  : 

The load  c o e f f i c i e n t  a t  t h e  t u r b i n e  s t a g e  i n n e r  diameter pi is 

chosen as a b a s i c  i n i t i a l  parameter ,  because i t  i s  more s u i t a b l e  f o r  
use i n  chccs ing  the  f low pa th  scheme and a l s o  because t h e  va lues  o f  

M1 
a t  t h e  base s e c t i o n ,  and t h e  degree cjf convergence o f  the i n t e r b l a d e  
channels  

and t h e  flow t u r n i n g  a n g l e  i n  t h e  cascade are u s u a l l y  maximal 

which c h a r a c t e r i z e  pB is  u s u a l l y  minimal. 

It w i l l  b e  shown l a t e r  t h a t  f o r  g iven  M 2  c ,  t h e  l a r g e r  t h e  l o a d  

c o e f f i c i e n t ,  the  larger  M1 w ,  t h e  l a r g e r  t h e  f low t u r n i n g  a n g l e ,  

and t h e  smaller the  d i f f e r e n c e  of t h e  a n g l e s  p,-&r. which f o r  large 
v a l u e s  o f  p can even become n e g a t i v e .  Th i s  means t h a t  t h e  t u r b i n e  
be ing  des igned  may have d i f f u s i v e  flow on some p a r t  of t h e  b l a d e  
l e n g t h ,  caus ing  t h e  appearance of a d d i t i o n a l  l o s s e s .  

On t h i s  basis,  f o r  stages w i t h  M2 = 0.5  - 0 .6 ,  and a n g l e  al 

If 

= 

1 8  - 25O, we take pi 2 2.0,  and f o r  al = 30 - 3 6 O ,  pi  c 2.2.  

t h e  r e g u l a t i o n  law s e l e c t e d  for t h e  engine  be ing  designed p rov ides  a n  
i n c r e a s e  (under f l i g h t  c o n d i t i o n s )  o f  t h e  pressure d i f f e r e n c e  a c r o s s  
t h e  t u r b i n e ,  which leads t o  s i g n i f i c a n t  i n c r e a s e  i n  t h e  load  
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c o e f f i c i e n t  i n  the las t  stage, t h e n  f o r  i t s  i n i t i a l  va lue  (under  
s t a t i c  c o n d i t i o n s )  pi  i s  chosen smaller t h a n  t h e  i n d i c a t e d  va lues .  

The va lue  o f  the  load  c o e f f i c i e n t  a t  t h e  mean diameter can b e  

o b t a i n e d  by s imple  s c a l i n g :  

Ana lys i s  o f  t u r b i n e  s t a g e  e f f i c f e n c y  as a f u n c t i o n  o f  t h e  load  
c o e f f i c i e n t  shows tha t  ‘l! changes very l i t t l e  i n  t h e  r e g i o n  i n  which 

\I changes from 1 . 2  t o  1 .7 .  
the  op t ima l  l o a d  c o e f f i c i e n t  l i e s  i n  t h e  l i m i t s  (p,)opt = 1 . 3  - 1 . 4 .  

With i n c r e a s e  o f  the f low t w i s t  a t  t he  t u r b i n e  o u t l e t ,  t h e  op t ima l  
l o a d  c o e f f i c i e n t  i n c r e z s e s .  

f o r  t he  stages p reced ing  t h e  l a s t  stage, t h e  l o a d  c o e f f i c i e n t  can be 

With a x i a l  gas  d i s c h a r g e  from t h e  turb i ra i ,  

For  a2 = 70 - 6 5 O ,  which can be  a t t a i n e d  

i n c r e a s e d  t o  ( P ~ ) ~ ~ ~  = 1.75  - 1.85. 

1 
Figure  2 .3 .  
c o e f f i c i e n t  f o r  f i v e  t u r b i n e  stages. 

Experimental  dependence of  turbir , ;  e f f i c i e n c y  on l o a d i n g  

2.2. Flow Ve loc i ty  and D i r e c t i o n  a t  t h e  Turbine O u t l e t  - 

’. . 
* i  

i 

F i r s t  o f  a l l ,  we will examine t h e  i n f l u e n c e  o f  o u t l e t  v e l o c i t y  
on t u r b i n e  stage e f f i c i e n c y :  

s t  L 
%== 4 -- 

Lad.T 2 

i 

(2.20) 

+ = Lst 
The a d i a b a t i c  work of  gas  expansion i n  t h e  s t a p e  i s  Lades t  

YtL;, where L; - i r r e v e r s i b l e  l o s s e s  i n  t h e  stage.  
c; * 

Since :  

~. i 

t hen ,  
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(2 .21)  

We w i l l  examine the two most c h a r a c t e r i s t i c  cases: p = 0 and 
p = 0.5. In t he  case  p = 0,Yw2 ad = w l S  and Ladest  = c: ad/2. 

Then, a f te r  s u b s t i f u t i n g  t h e  cor responding  q u a n t i t i e s  i n t o  t h e  
o r i g i n a l  e x p r e s s i o n  (2.20) f o r  the e f f i c i e n c y ,  and a f t e r  some rnani- 
p u l a t i o n ,  we o b t a i n :  

where P = L u / ~ * ,  and T* i s  t h e  t o t a l  temperature of t h e  gas  flow a t  the 

i n l e t  t o  t he  t u r b i n e .  
3 

2 
1 ad' 

2 The c o n d i t i o n  p = 0.5 can b e  real ized when w2 ad 

I n  t h i s  case: 

To s i m p l i f y  (2.22) and (2.23), it  1s assumed tha t  c2  = 0 i n  
t h e  e q u a t i o n  P = C I U / U + C S ~ / U .  

Analys is  of these e x p r e s s i o n s  f o r  t h e  e f f i c i e n c y  has shcwn t h a t  

change o f  Lst/T* i n  t h e  r e g i o n  from 180 t o  200, which r e p r e s e n t s  t he  

r e g i o n  of i n t e r e s t  f o r  p r a c t i c a l  a p p l i c a t i o n  i n  gas  t u r b i n e  s t a g e s ,  
i n f l u e n c e s  t u r b i n e  e f f i c i e n c y  very l i t t l e .  Therefore ,  i n  c a l c u l a t i n g  
t h e  r e l a t i o n  %(Mw), r e p r e s e n t e d  i n  F igu re  2 .4 ,  t h e  va lue  LSt/T* 3 
was assumed c o n s t a n t  and e q u a l  t o  200. Here, ?td& is  the  r a t i o  
of  t h e  stage e f f i c i e n c y  f o r  a g iven  va lue  o f  M2 

c iency  f o r  t h e  op t ima l  va lue  of M2 c .  

3 

t o  t h e  stage e f f i -  

Also p l o t t e d  on t h i s  graph 

* 
ond and t h i r d  terms of  t h e  denominator,  i . e . ,  (42-@292)+tb2. ** 
should  c o r r e c t l y  read (1+$2). 

Trans?. '+or's n o t e .  The p l u s  s i g n  has  been omi t t ed  between t h e  S I C -  

T r a n s l a t o r ' s  ncite. (1+$2) i n  t h e  second term of  the  denominator 
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are t h e  expe r imen ta l  p o i n t s  ob ta ined  from exper iments  on three 
s i n g l e - s t a g e  t u r b i n e s  I n s t a l l e d  i n  a gas t u r b i n e  eng ine ,  and the  

r e l a t i o n  ( cu rve  a )  ob ta ined  by V. V. Druzhi lovskiy  as a r e : u l t  of 
experiments  on a s p e c i a l  s e t u p  o f  th ree  
t u r b i n e s  d i f f e r i n g  i n  t h e  des ign  number 

M2 c *  

The cu rves  p r e s e n t e d  i n  F igu re  2.4 
make i t  p o s s i b l e  t o  de te rmine  t u r b i n e  
e f f i c i e n c y  change as a f u n c t i o n  of out -  
l e t  v e l o c i t y  magnitude change. 

When s e l e c t i n g  the  des ign  Mach 
Figuze 2.4.  Turb ine  
e f f i c i e n c y  as f unc t i o n  

of  o u t l e t  v e l o c i t y  
number a t  t he  t u r b i n e  o u t l e t ,  besides 

t h e  r e l a t i o n  %(M*\, already cons ide red ,  
we must c o n s i d e r  t ha t  f o r  a g iven  gar 

f low s e c t i o n  area F2, which i n  t u r n  de te rmines  t n e  b l a d e  l e n g t h .  

With dec rease  of  M2 c ,  t h e  b l ade  l e n g t h s  and s t r a i n s  i n  them i n c r e a s e .  

Besides t h i s ,  w i t h  blade l e n g t h  i n c r e a s e  f o r  a g iven  gas  f l o w r a t e ,  
the a n g l e  al d e c r e a s e s  and t h e  flow t u r n i n g  a n g l e  i n c r e a s e s  which 

f o r  small va lues  of  &<0.45 can cause  d e t e r i o r a t i o n  i n  t h e  flow 
around t h e  blades and i n c r e a s e d  l o s s e s  i n  t h e  cascades .  

determines t h e  - .  owrate, M2 

With very long  blades,  d i f f i c u l t i e s  w i t h  p r o r i l i n g  t h e  r o o t  
s e c t i o n s  can ar ise ,  i n  which t h e  i n t e r b l a d e  channel  can become d i f -  

f u s i v e ,  and a l a r g e  twist can appeP.7 at. t h e  wheel o u t l e t .  

With large o u t l e t  v e l a c i t i e s ,  t h e  blade l e n g t h  d e c r e a s e s ,  b u t  
t h e  t u r b i n e  e f f i c i e n c y  d e c r e a s e s ,  and l o s s e s  i n  t h e  p o s t - t u r b i n e  
d i f f u s e r  grow, espec ia l ly  i n  p re sence  o f  flow t w i s t  ( w i t h  as<w). 

The e x p e r i m e n t a l  dependence of  t h e  t o t a l  pressure recovery co- 
e f f i c i e n t  i n  t h e  p o s t - t u r b i n e  d i f f u s e r  on t h e  Mach number and t h e  
flow twist a n g l e  a t  t h e  t u r b i n e  o u t l e t  is p r e s e n t e d  i n  F igu re  2.5*.  

i 

"Taken from a s tudy  of  V. V. Druzhi lovskiy ,  " A i r  Bleed i n  TJE", 
Riga, 1958. 
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Besides t h i s ,  wi th  large 
M2 c,  the  t u r b i n e  margin de- 

creases, s i n c e  i n c r e a s e  o f  t h e  

p r e s s u r e  d i f f e r e n t i a l  a c r o s s  
the  t u r b i n e  on ly  causes  in -  
crease i n  rhe o u t l e t  v e l o c i t y ,  
and no t  t h e  power. When at- 
tempt ing  t o  i n c r e a s e  the t u r -  
b i n e  throughput ,  i t -  i s  no t  
a d v i s a b l e  t o  i n c r e a s e  M2 > 

0.7, s i n c e  w i t h  such large 
v a l u e s ,  t h e  t u r b i n e  c a p a c i t y  
i n c r e a s e  and blade l e n g t h  de- 
crease take p l a c e  very s lowly ,  
while  t h e  l o s s e s  i n  t he  tu? -  
b i n e  d i f f u s e r  grcw r a p i d l y .  

F igu re  2.5. T o t a l  p r e s s u r e  re- 
covery c o e f f i c i e n t  i n  t h e  pos t -  
t u r b i n e  d i f f u s o r  a i  as f u n c t i o n  
o f  Mach number and f low d i r e c t i o n  

behind t h e  t u r b i n e  

t 

Taking i n t o  account  a l l  t h e  above c o n s i d e r a t i o n s  ( o b t a i n i n g  
a c c e p t a b l e  t u r b i n e  e f f i c i e n c y ,  small l o s s e s  i n  t h e  pos t - tu rb ine  d i f -  
f u s e r ,  r e q u i r e d  t u r b i n e  work margin w i t h  c o n s i d e r a t i o n  f o r  the neces- 
s a r y  s‘crength mar 11 and r e l a t i v e  hub diameter of t h e  last t u r b i n e  
stzge),  we recommend t h a t  t h e  t u r b i n e  e x i t  Mach number be chosen I n  
t h e  limits M2 = 0.45 - 0.55 I n  t h o s e  engine  regimes where It r . t -  

t a i n s  i t s  maximal va lue .  I n  turboprop  t u r b i n e s ,  M2 sometimes 
reaches 0 .7 .  

The magnitude of  t h e  f low t w i s t  behind t h e  t u r b i n e  s t a g e  aiid 
hence the a n g l e a 2  depends on the stage load  c o e f f i c i e n t  and t h e  de- 

gree of  r e a c t i o n .  A s  noted b e f o r e ,  i n  d e s i g n i n g  t h e  t u r b i n e ,  t h e  
l o a d  c o e f f i c i e n t  a t  the  i n n e r  r a d i u s  pi is  usually specif ied.  

ID t h e  b lade  r o o t  s e c t i o n ,  t h e  r e a c t i o n  i s  u s u a l l y  c l o s e  t c  

Since  ze ro  ( p i  % 0 ) .  I n  t h i s  case, we can assume t h a t  B1 % 8,.  

45 

I 
? 



\ 

( 2 . 2 4 )  

S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  (2.241, we o b t a i n ,  a f t e r  some 
manipula t ion  : 

The q k a n t i t y  Ka i s  u s u a l l y  chosen i n  t he  l i m i t s  0.8 - 1 . 0 .  The 

smaller va lue  of  Ka is t a k e n  f o r  t u r b i n e s  w i t h  c y l i n d r i c a l  f low p a t h  

o r  which develop r e l a t i v e l y  large p r e s s u r e  d i f f e r e n t i a l s .  

Withknownvalues of pi, Ka, c 2  a / ~ ,  and w i t h  t h e  c o n d l t i o n  $, 2 
(2.25) a l lows  u s  t o  determine t h e  a n g l e  cx2 a t  t h e  blade r o o t  $2 , 

s e c t i o n .  

The a n g l e  ct2 a t  t h e  t u r b i n e  mean diemeter i s  a f u n c t i o n  o f  t h e  

adopted law of v a r i a t i o n  o f  the  c i r c u m f e r e n t i a l  v e l o c i t y  components 
and c 2  a long  t h e  b lade  l e n g t h .  c1 u 

If t h e  computed va lue  of a2 i s  s u b s t a n t i a l l y  lzss t h a n  goo,  

t h i s  can lead t o  i n c r e a s e  o f  t h e  losses i n  t h e  pos t - tu rb ine  d i f f u s e r  
ant dec rease  o f  t h e  t u r b i n e  work margin.  

The f low twist a t  t he  o u t l e t  from t h e  l as t  t u r b i n e  s t a g e  i s  
u s u a l l y  no l a r g e r  t h a n  ( 9 0  - a 2 )  = 8 - 10'. 
f i r s t  and i n t e r m e d i a t e  t u r b i n e  s t a g e s ,  i t  may r each  20 - 25O. 

A t  t h e  o u t l e t  from t h e  

If l a r g e  flow twist ( 9 0  - a 2 )  i s  no t  des i rab le ,  i t  i s  necessary  /A 
t o  e i t h e r  unload t h e  s t a g e ,  r e d i s t r i b u t i n g  par t  o f  t h e  work t o  t h e  
o t h e r  s t y g e s ,  or i n c r e a s e  t h e  t u r b i n e  c i r c u m f e r e n t i a l  v e l o c i t y .  

c 
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2.1. Kinematics of  Flow i n  Turbine S tane  

r 

T. 

1 i , . {  * 

In d e s i g n i n g  t u r b i n e s ,  t h e  problem of  chocs ing  t h e  stage kine- 
ma t i c s  which gua ran tee  t he  h i g h e s t  p o s s i b l e  e f f i c i e n c y  must be so lved .  

The t u r b i n e  s t a g e  k lnemat ics ,  as i s  well known, a r z  determined 
by t he  r e l a t i o n s  between v e l o c l t i > s  o f  the  f law p a s s i n g  through i t .  
The r e l a t i o n  between t h e  c i r c u m f e r e n t i a l  and. a x i a l  cornpcnents of t h e  
a b s o l u t e  f low v e l o c i t y  i s  most c h a r a c t e r i s t i c  f o r  a t u r b i n e  i n  a n  
a v i a t i o n  gas  t u r b i n e  engine .  The r a t i o  o f  t5e a l g e b r a i c  sum o f  t h e  
c i r c u m f e r e n t i a l  components o f  t h e  a b s o l u t e  v e l o c i t y  a t  t h e  r o t o r  

? 

i .  

blade  i n l e t  c1 and e x i t  c 2  t o  the  r o t o r  c i r c u m f e r f ; n t i a l  v e l o c i t y  

c h a r a c t e r i z e s  t u r b i n e  s t a g e  load ing ,  and t h e  a x l a l  component ca  char-  

a c t e r i z e s  i t s  handl ing  c a p a c i t y .  

Whsn designir,;; a turb+-ne. i t s  l o a d i n g  ?=firnw Is usua l lg  
a 

s p e c i f i e d .  It i s  de termine4  f o r  g iven  S i a m e t r i c a l  t u r b i n e  dimensions 
by the  work p e r  :::logram o f  gas p a s s i n g  througn i t ,  t h e  magnitude of 
which i s  d i c t a t e d  by t h e  r e q u i r e d  work of  the compressor d r i v e n  by 
the  t u r b i n e  and i t s  r o t a t i v e  speed. As f o r  t h e  a x i a l  comporient of  
t h e  a b s o l u t e  v e l o c i t y ,  v a r i a t i o n  i s  p o s s i b l e  w i t h i n  wider l i m i t s .  

With cla=cZa=c., which i s  c h a r a c t e r i s t i c  f o r  t u r b i n e s  w i t h  flow 
p a t h  expanding, i n  t h e  mer id iona l  s e c t i o n  ard w i t h  t h e  i e l e c t z d  r eac -  
t i o n ,  t h e  form o f  t h 5  v e l o c i t y  t r iP r ,g l e ,  t ha t  i s ,  t h e  kinematiqs  of 
the  s t a g e ,  i s  de f ined  by t h e  d imens ionless  c o e f i ' l c i e n t s :  

where LT i s  t h e  work e x t r a c t e d  from I kg o f  gas  i n  t h e  t u r b i n e  s t a g e .  

I n  t h i s  cbnnec t ion ,  t h e  necess1t.y arises t o  de te rmine  t h e  r e l a t i o n  
of' these c o e f f i c i e n t s  f o r  which losses  i n  t t e  t u r b i n e  w i l l  b e  mini- 
mal, o t h e r  c c n d i t i o n s  be ing  equa l .  
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We w i l l  examine the p rocess  o f  t r a n s f o r m a t i o n  o f  t h e  a v a i l a b l e  
energy o f  1 kg o f  gas  i n t o  work i n  a t u r b i n e  stage [17]. 

The a v a i l a b l e  p o l y t r o p i c  work p e r  1 kg of gas expanding the  
t u r b i n e  s t a t o r  (La)<- goes i n t o  change o f  t h e  f low k l n e t i c  energy 

(Lfr .  2 t h a t  i s ,  

/ 4 1 ;  " 

(LCjs  and i n t o  f r i c t i o n a l  l o s s e s  i n  t h e  flow around t h e  blades 

- c;-co 
where ( L c l s  - - 

2 .  

On t h e  o t h e r  hand, (Lc ) s  = wM / G ,  and i t  i s  p o s s i b l e  to expres s  
S 

the work of  expansion through t h e  p r o j e c t i o n  of f o r c e s  on to  t he  Y- 

a x i s ,  and the a x i a l  v e l o c i t y  component: (La ) s  = caYi/G ( F i g u r e  2.6)  

v'; -.ye w=. -0 + -1 average  a n g u l a r  v e l o c i t y  o f  the  gas  flow through 
2 

the s t a t o r  p r o f i l e  cascade ;  
X! - t o r q u e  appl ied  t o  t h e  s t a t o r  cascade ;  - 

Ms "av b 

G = 2npcaravh - gas  f l o w r a t e ;  

z - number o f  blades. 

Using these r e l a t i o n s ,  deno t ing  t h e  ra t io  o f  t h e  s t a t o r  b lade  

chord l e n g t h  t o  i ts  s p a c i n g  by ES = b/t, and remembering t h a t  t h e  

1 2- 1 2- 
2 Y  blade lift Ns = - C pc bshb, and d r a g  Ts = C x p c  bshb, i t  i s  

p o s s i b l e  t o  write: 

For  t h e  r o t o r ,  by analogy w i t ' ?  t h e  s t a t o r  p r o f i l e  cascade ,  
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If the work expended i n  overcoming 
f r i c t i o n a l  f o r c e s  i n  the s t a t o r  and r o t o r  
blades is referred t o  the  ef fe : t ive  work 
LT e x t r a c t e d  by the wheel, we o b t a i n  the  
magnitude o f  t h e  r e l a t i v e  l o s s e s  due t o  
f r i c t i o n  i n  t he  stage: 

The e f f e c t i v e  work can be expres sed  
througn the annular v e l o c i t y  o f  t he  r o t a -  
t i o n  o f  the wheel f2 and the t o r q u e  
a p p l i e d  t o  the  r o t o r  blade cascade  (Mr) :  F i g u r e  2.6. Diagram 

o f  f o r c e s  a c t i n g  on 
9.Up 

G 
L,=- 

elementary s t a t o r  and 
(2.31) r o t o r  blade cascades 

S u b s t i t u t i n g  i n t o  (2.30) t he  va lues  o f  t h e  q u a n t i t i e s  appea rkg  i n  
i t  and assuming that  coIIJ%, w e  o b t a i n ,  afteT some manipula t ion :  

where e = (C& 

s t a t o r  and r o t o r  blade p r o f i l e s ,  r e s p e c t i v e l y .  If w e  suppose t h a t  

€S - “r 
n e a r  0.5), t he  r e l a t i v e  f r i c t f o n a l  l o s s e s  i n  the stage w i l l  be: 

and + .= (Cx)p /(C& are the  drag-l i f t  r a t i o s  o f  t he  
t 

- = E (which cor responds  t o  a stage w i t h  r e a c t i o n  equa l  t o  o r  

I f  t he  va lues  o f  t g  cr and tg B from the v e l o c i t y  t r i a n g l e  are sub- 
s t i t u t e d  i n t o  t h i s  expres s ion ;  we o b t a i n :  

.I 

Taking I I , - C ~ ~ , , / U - ~ ~ = C ~ ~ . ~ ~ ~ ~ ~ ,  which i s  most c h a r a c t e r i s t s c  f o r  a v € a t i o n  - 43 
engine  t u r b i n e s ,  i t  i s  p o s s i b l e  t o  wr i te :  
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Figures 2.7 and 2.8 p r e s e n t  graphs which show the r e l a t i v e  
f r i c t i o n a l  losses i n  a t u r b i n e  stage as a f u n c t i o n  of t he  dimension- 
less coefficients p and + fop v a r i o u s  v a l u e s  o f  E. 

F i g u r e  2.8. R e l a t i v e  f r i c -  
t i o n a l  l o s s e s  i n  a stage as 
f u n c t i o n  of the  c o e f f i c i e n t s  

IJ and @ f o r  E = 0.01 

The l o c u s  of t h e  p o i n t s  o f  

o p t  f o r  v a r i o u s  E 
Figure 2.7. R e l a t i v e  f r ic-  
t i o n a l  l o s s e s  i n  a stage as op t ima l  v a l u e s  Q 
f u n c t i o n  o f  t h e  c o e f f i c i e n t s  

p and 6 f o r  E = 0.1  i s  a straight l i n e  s t a r t i n g  from 
t h e  c o o r d i n a t e  o r i g i n  w i t h  s l o p e :  

This  means t h a t  t h e  dependence o b t a i n e d  f o r  t he  r e l a t i v e  f r i c -  
t i o n a l  l o s s e s  on the  c o e f f i c i e n t s  Q and IJ is g e n e r a l ,  and does not  
depend on the magnitude o f  E .  Consequently,  t h e  aerodynamic e f f i -  
c iency o f  statcL. and r o t o r  p r o f i l e  cascades w l l l  de te rmine  only  t h e  

a b s o l u t e  magnitude o f  l o s s e s  i n  overcoming f r i c t i o n a l  f o r c e s ,  whi le  
t h e i r  dependence on t h e  v e l o c i t y  r a t i o  w l l l  be prese rved .  

i 
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I n  o r d e r  t o  f i n d  t h e  r e l a t i o n s h i p  between the  r e l a t i v e  f r i c t i o n  
l o s s  zfr and t h o  conven t iona l  t u r b i n e  stage e f f i c i e n c y ,  w e  u se  

(2.26) and (2.28).  

is  p o s s i o l e  t o  write: 

Then, c o n s i d e r i n g  t h e  e q u a l i t y  o f  co and c2,  it 
.- 

(La’s 

Divid ing  a l l  terms 

some manipula t ion ,  

of t h i s  e q u e l i t y  by LT and u s i n g  (2.301, a f t e r  

w e  o b t a i n :  

‘ + ( L  1 
( L a ) s  + ( L a ) r  

f r  r, tc, w i t h i n  e q u a l i t y  of  t he  gas (Lfr s S ince  rlad = 

/a4 k i n e t i c  energy a t  the t u r b i n e  o u t l e t , i n  t h e  adiabatic and a c t u a l  - 
corresponds  t o  

o p t  
expansion p rocesses  r~; = rl?. 

the  minimal va lue  o f  Efr f o r  a g iven  v .  

be op t ima l  from the  viewpoint  o f  maximum t u r b i n e  e f f i c i e n c y .  

A f i x e d  va lue  o f  Q 

Consequently,  it w i l l  a l s o  

Thus t o  each t u r b i n e  stage l o a d i n g  c h a r a c t e r i z e d  f o r  c2 

by the  c o e f f i c i e n t  v ,  there  cor responds  a q u i t e  d e f i n i t e  va lue  o f  
the discharge c o e f f i c i e n t  @ f o r  which maximum e f f i c i e n c y  i s  realized 
independent ly  o f  i t s  a b s o l u t e  va lue  f o r  g iven  c o n c r e t e  c o n d i t i m s  
(aerodynamic q u a l i t y  of  t he  s t a t o r  and r o t o r  blade p r o f i l e s ) .  Th i s  
va lue  of t h e  d i scha rge  c o e f f i c i e n t  can  be  found, as was shown, from 
t h e  r e l a t i o n s  p re sen ted .  Consequently,  i t  i s  p o s s i b l e  t o  f i n d  t h a t  
v e l o c i t y  r a t i a  f o r  which the  t u r b i n e  e f f i c i e n c y  w i l l  be  maximal, a l l  
else be ing  equa l .  O r ,  u s ing  t h e  r e l a t i o n s  f o r  t h e  c o e f f i c i e n t s  v 

# O* 

and 0 ob ta ined  from t u r b i n e  a n a l y s i s  o r  exper iment ,  i t  i s  p o s s i b l e  ! 

t o  determine how c l o s e l y  t h e  s t a g e  k inemat ics  correspond. t o  t h e  

optimum from the viewpoint  o f  maximum t u r b i n e  e f f i c i e n c y .  i :  

# 
T r a n s l a t o r ’ s  n o t e .  I n a d v e r t e n t l y  g iven  i n  t h e  o r i g i n a l  for  -i 

= 0. c 2  u t ex t  as:  
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CHAPTER 111 

SELF.CTION OF TURBINE FLOW PATH SCHEME AND 
DETERMINATION OF BASIC TURBINE DIMENSIONS 

The initial data for designing an aviation gas turbine engine 
are usually: specified thrust o r  power, specific fuel flowrate, 
specific weight, overall dimensions, and the flight height and speed 
at which the engine is to be used. This determines the choice of 
the basic engine parameters, which must frequently satisfy conflict- 
ing requirements imposed in relation to economy, weight (mass), 
overall size, reliability, tecnnology, convenience of operation, and 
so forth. Therefore, the final engine design version is a compromise 
solution in which the imposed requirements are satisfied as far as 
possible, subject to the given specific conditions. 

From the general engine gasdynamic design, the following basic 
data, which are necessary to design the turbine, are known: 

1) gas flowrate through the turbine G kg/sec; 

2) 
k3' 

2 gas pressure and temperature ahead of the stator p:, N/m 
and TI, K; 

3 )  turoine rotational speed n, rev/min; 
4) turbine shaft work LT, J/kg. 
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The development o f  contemporary GTE is  i n  t h e  d i r e c t i o n  o f  i n -  
c r e a s i n g  the  d e s i g n  compression r a t io  and improving engine  economy. 
Turb ines  o f  such GTE o p e r a t e  w i t h  h igh  e n t h a l p y  Cii*OpS, and are 
u s u a l l y  m u l t i s t a g e .  

3.1. Determina t ion  of Number o f  Stages and 
D i s t r i b u t i o n  of  Work Between Them 

I n  the p rev ious  c h a p t e r ,  i t  was shown t h a t  t h e  a l lowab le  in -  
c r e a s e  of the t u r b i n e  stage l o a d i n g  c o e f f i c i e n t  has l i m i t s ,  exceeding  
which causes  marked decrease i n  t h e  t u r b i n e  e f f i c i e n c y .  To o b t a i n  
a c c e p t a b l e  t u r b i n e  e f f i c i e n c i e s ,  t he  l o a d i n g  c a e f f i c i e n t  a t  t h e  blade 

r o o t  p i  i s  chosen i n  t he  l i m i t s  2 - 2.2. F u r t h e r  i n c r e a s e  o f  t he  
l o a d i n g  c o e f f i c i e n t  i s  no t  feas ib le ,  no t  only because o f  d e c r e a s i n g  
e f f i c i e n c y ,  bu t  a l s o  because i n c r e a s e  of vi above 2.2 p r a c t i c a l l y  I 

does not  lead t o  dec rease  o f  the  t u r b i n e  weight,  a l though  i t  does /46 
prov ide  some (about  3 - 4%) dec rease  i n  t h e  e x t e r n a l  diameter. T h i s  
i s  because dec rease  o f  t h e t u r b i n e  e f f i c i e n c y  a t  c o n s t a n t  h 2  

i t  necessary  t o  i n c r e a s e  t h e  o u t l e t  area F2 and, consequent ly ,  i n -  

c r e a s e s  the stresses i n  t h e  r a t o r  b lades  from t h e  a c t i o n  of  t h e  t en -  
s i l e  and bending f o r c e s  [see (3 .5 )  and (3 .7 )  and F iqu re  3.43. As a 
r e s u l t ,  f o r  a g iven  safety f a c t o r ,  o r  what amounts t o  t h e  same t h i n g ,  
a g iven  va lue  of  ax = o 

makes 

o must  dec rease  and t h i s  means bend’ bend + (J t 
t h e  blade chord must i n c r e a s e .  

y i e l d  some d e c r e a s e  i n  t h e  t u r b i n e  o u t e r  and i n n e r  d iamet t i ,  i t s  
weight does not  dec rease .  To i l l u s t r a t e ,  F i g u r e  3 . 1  shows t h e  re- 
s u l t s  of c a l c u l a t i o n  o f  t h e  weight v a r i a t i o n  of a single-stage 
a f t e r b u r n i n g  T J E  t u r b i n e  w i t h  

i n g  c o e f f i c i e n t  v a r i a t i o n  from 2 . 1  t o  3 . 4 .  The des ign  c o n d i t i o n s  
are t h e  fo l lowing:  t h e  magnitude o f  t h e  t h r u s t  developed by t h e  

engine  is s p e c i f i e d ,  and t h e  reduced v e l o c i t y  o f  t h e  gas a t  t h e  t u r -  
b i n e  o u t l e t  h 2  = c o n s t ) ,  which i s  determined by 

o p e r a t i n g  c o n d i t i o n s  Qf t h e  p o s t - t u r b i n e  d i f f u s e r  and  a f t e r b u r n e r ,  
on t h e  one hand, and by t h z  requirement  of  e q u a l i t y  of  t h e  s a f e t y  
f a c t o r s  o f  t h e  r o t o r  blade and t u r b i n e  d i s k ,  on t h e  o t h e r  hand.  The 

Thus, a l though  i n c r e a s e  of  vi  does 

- D,/hb = 5.0,  i n  t h e  range of  load-  

= c o n s t  ( o r  M 2  
i 
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i-otor speed  i s  a l s o  t a k e n  c o n s t a n t ,  
due t o  t h e  constancy of  t h e  number 
o f  compressor stages and i t s  corn- 
p r e s s i o n  r a t i o .  The r e l a t i v e  change 
i n  e f f i c i e n c y  as a f u n c t i o n  o f  t h e  
l o a d i n g  c o e f f i c i e n t  was determined 
i n  accordance w i t h  F igu re  2.3. 

As i s  obvious,  i n c r e a s e  o f  pi 

above 2.2 causes  a decrease i n  e f f i -  
c iency ,  and t h e r e f o r e  does n o t  re- 
duce the  t u r b i n e  weight. 

Experience i n  c o n s t r u c t i n g  TJE 

F igu re  3.1. R e l a t i v e  e f f i -  
c i ency ,  o u t e r  diameter, and 
weight o f  t u r b i n e  as func- 
t i o n  o f  b l ade  r o o t  l o a d i n g  

c o e f f i c i e n t  
gas t u r b i n e s  has shown t h a t  moder- 
a t e l y  loaded  s t a g e s  w i t h  circum- 
f e r e n t i a l  velo; . i t ies  a t  t h e  mean diameter u = 300 - 400 m/sec and 

4 t u r b i n e  stage work Lst = ( 1 4  - I:' 1 0  

and s i z e  c h a r a c t e r i s t i c s  and e f f i c i e n c y .  

m 
J/kg y i e l d  t h e  best  weight 

Consequently,  t h e  work o b t a i n a b l e  i n  one t u r b i n e  stage l i e s  
w i t h i n  d e f i n i t e  l i m i t s .  If t h e  r e q u i r e d  t u r b i n e  work i s  h i g h e r ,  w e  
must go t o  m u l t i s t a g e  t u r b i n e s .  

Inx-ease i n  t h e  number o f  s tages  w i t h  i n c r e a s e  of  t h e  r e q u i r e d  
t u r b i n e  work i s  a l s o  d i c t a t e d  by t h e  d e s i r e  t o  avoid  a d d i t i o n a l  i n -  
c r e a s e  i n  t u r b i n e  h y d r a u l i c  l o s s e s  caused by t h e  i n c r e a s e  o f  t h e  

stage l o a d i n g  and t h e  f low v e l o c i t y  i n  t h e  cascades  (development of 
s u p e r s m i c  v e l o c i t i e s )  when developing  a l l  t h e  en thz lpy  drop  i n  t h e  
t u r b i n e  i n  a smaller number o f  stages.  

On the basis o f  s t a t i s t i c a l  data ,  i t  i s  p o s s i b l e  t o  i n d i c a t e  
t e n t a t i v e l y  t h e  number o f  t u r b i n e  stages as a f u n c t i o n  of t h e  des ign  
a i r  compression r a t i o  i n  t h e  compressor under s t a t i c  s e a - l e v e l  
c o n d i t i o n s :  

i 
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aL=4.0-5.5 - one stage; 
nk=5.5-6.0 - one stage w i t h  h i g h  circumferen-  

t i a l  v e l o c i t y  o r  two stages w i t h  r e l a t i v e i y  
low c i r c u m f e r e n t i a l  v e l o c i t y ;  
3:=6- 10 - t v o  s t a g e s ;  
..r:,,=10-15 - th ree  s t a g e s ,  o r  two s t a g e s  wi th  

n>>,15 - three s t a g e s ;  
high c i r c u m f e r e n t i a l  v e l o c i t y ;  

a )  

b )  

e )  

I n  

fo r  TJE w i t h  

t 

I 
bypass r a t i o  m = O J - U ,  w i t h  

n>=9--10- two o r  three stages; 
n:,=ll- 19 - th ree  o r  f o u r  s t a g z s ;  
X>=~M--','~ and m=4-5 - f i v e  o r  s i x  stages; 
n:=20---2i and m = 6 - 8  - seven o r  e igh t  stages; 

f o r  FJE w i t h  

f o r  TPE wi th  ~ 2 = 4 + 5 -  two s tages ;  
x;=5 2 8.5 - three stages; 
G=8*5-*6,0 - f o u r  o r  f i v e  stages. 

the first approximation,  t h e  e f f e c t i v e  t u r b i n e  work can b e  

d i s t r i b u t e d  between the  i n d i v i d u a l  s t a g e s  i n  p r o p o r t i o n  t o  t h e  a l -  
lowable va lues  o f  t h e  l o a d i n g  c o e f f i c i e n t s  of  the i n d i v i d u a l  stages.  
A 7  i n d i c a t e d  above, i t  i s  b e t t e r  t o  take t h e  va lue  of  t he  l o a d i n g  
c o e f f i c i e n t  a t  t h e  i n n e r  diameter. 

With chosen va lues  of t h e  l o a d i n g  c o e f f i c i e n t s  f o r  each t u r b i n e  /48 
stage, t h e  e f f e c t i v e  work of t h e  f i r s t  stage i s  found from t h e  
formula : 

(3.1) c 

Here, w e  assume tha t  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  a t  the  r a d i u s  under 
considerat iohi  i s  approximaLely c o m t a n t .  We can de termine  s i m i l a r l y  
t h e  e f f e c t i v e  work f o r  t h e  remaining s t a g e s .  

I n  t h e  cas?  o f  two-shaft  (two-spool) eng ines ,  t h e  d i s t r i b u t i o n  
of  work between s p o o l s  and a l so  the r o t o r  speed of each s p o o l  a r e  
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assigned. They are determined as a r e s u l t  o f  compressor aerodynamic 
des ign ,  p r i o r  t o  the d e s i g n  of t h e  t u r b i n e ,  and as a r e s u l t  o f  c a l -  
c u l a t i o n s  on c o m p a t i b i l i t y  of  t h e  compressor and t u r b i n e  parameters. 
The e f f e c t i v e  work of a stage i n  a m u l t i s t a g e  t u r b i n e  i s  a l s o  deter- 
mined by ( 3 . l ) ,  i n  which Lst cor responds  t o  t he  e f f e c t i v e  shaf t  work 

of  the  g iven  spoo l .  

3 .2 .  Determina t ion  of Basic  F l o w  Pa th  Dimensions 
a t  t h e  Turbine  O u t l e t  

Turbine d e s i g n  beg ins  w i t h  cho ice  of  t he  number o f  stages and 
the flow p a t h  shape i n  t h e  mer id iona l  s e c t i o n .  For  cho ice  of t he  
t u r b i n e  flow p a t h  shape, we must first know t h e  o u t e r  diameter Do 

and t h e  ?low s e c t i o n  area a t  t h e  t u r b i n e  o u t l e t  F2 

The area o f  t h e  annuln ?low p a t h  s e c t i o n  a t  the t u r b i n e  o u t l e t  
is  determined from the  _ '  dquat ion:  

(3.2) 

t. 
k - R  

..:-k-.t. _ _  

where c=c-- - t empera tu re  of t he  gas  behind the  t u r b i n e ;  

b 
,+p;/1- r, t o t a l  p r e s s u r e  of t he  gas behind t h e  t u r b i n e ;  

* -e$)=- k 

\ &-1  

~ ( 1 ~ )  - determined from t h e  gasdynamic f u n c t i o n  
tables  u s i n g  t h e  reduced v e l o c i t y  of t h e  gas 
behind t h e  t u r b i n e :  

)ar -A; - 
I 

where k = 1 . 3 3  and R = 288.4 J/kg O K ;  m = 0.0396.  

I f  t h e  flow at  t h e  t u r b i n e  e x i t  i s  a x i a l  o r  approximate ly  so,  
a t  t h i s  s t a g e  of  t h e  des ign  we can take .in,r.-=:. 
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The t u r b i n e  e f f i c i e n c y  i s  t a k e n  i n  t h e  l i m i t s  r$ = 0.9 - 0 . 9 2 .  

A d i f f e r e n c e  of  1% between t h e  assumed va lue  of  r$ and t h e  va lue  

ob ta ined  i n  t h e  f i n a l  t u r b i n e  des ign  i s  e q u i v a l e n t  t o  a change i n  
t he  area F2 a t  t h e  t u r b i n e  o u t l e t  from 0.5% up t o  1 .5%.  

P 

The choice  of  t he  b a s i c  t u r b i n e  parameters should  be  made w i t h  

account  f o r  ensu r ing  t u r b i n e  s t r e n g t h .  T h e r e f o i s ,  a f t e r  de termining  
the magniti l e  o f  t h e  area F2, i t  i s  necessa ry  t o  de te rmine  the  maxi- 

mum s t r a i n s  which ar ise  i n  t h e  r o t o r  b l a d e  r o o t  s e c t i o n .  It i s  ex- 
t r e m e l y  impor tan t  t o  do t h i s  now i n  o r d e r  t o  be s u r e  t h a t  t h e  b a s i c  
data f o r  t h e  t u r b i n e  d e s i g n  and t h e  chosen flow p a t h  form can  b e  
r e a l i z e d  w i t h i n  l i m i t s  wk i<.k;  g z s r a n t e e  t h e  r e q u i r e d  safety f a c t o r .  

To de termine  t h e  safe ty  f a c t o r ,  w e  f i rs t  l i m i t  o u r s e l v e s  t o  
de t e rmina t ion  o f  t h e  magnitude o f  t h e  t e n s i l e  stresses from t h e  cen- 
t r i f u g a l  f o r c e s .  

I n  t he  g e n e r a l  ca se ,  t h e  t e n s i l e  stress a t  a d i s t a n c e  x from 
t h e  r o o t  s e c t i o n  (F igu re  3.2a.) w i l l  be :  

where Pc - 

P -  

w -  

x -  

- 
f X  

hb - 

c e n t r i f u g a l  f o r c e  i n  Newtons; 

b lade  s e c t i o n  area a t  d i s t a n c e  x from t h e  r o o t  s e c t i o n ,  

i n  m ; 
b l a d e  m a t e r i a l  d e n s i t y  i n  kg/rn3; 

b l a d e  angu la r  v e l o c i t y  i n  (set)-'; 
d i s t a n c e  from t h e  r o o t  s e c t i o n  t o  t h e  s e l e c t e d  element 
i n  m; 
b l a d e  s e c t i o n  area a t  t h e  r a d i u s  between ri + x and  ro; 

b lade  l e n g t h  i n  m .  

/> 
2 
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For blades w i t h  c o n s t a n t  c r o s s  
s e c t i o n  along t h e i r  h e i g h t ,  t he  maxi- 
mum t e n s i l e  stress from c e n t r i f u g a l  
f o r c e s  i n  the r o o t  s e c t i o n  i s :  

., . 

(rr 

( 3 . 4 )  

- mean t u r b i n e  Do + Di 
2 

where Dm = 

diameter; 
- c i r c u m f e r e n t i a l  v e l o c i t y  

at  t h e  mean t u r b i n e  dia- 
meter. 

'm 

If w e  e x p r e s s  t h e  c i r c u m f e r e n t i a l  
v e l o c i t y  um through the  t u r b i n e  speed 

n,  ( 3 . 4 ;  cdkes the  form: 

F i g u r e  3.2. Blade form 
c o e f f i c i e n t  K as func t iL?  tJ 
o f  T and 3 f o r  v a r i o u s  
s e c t i o n  a r e a  v a r i a t i o n  
laws a l o n g  t h e  b l ade  l e n g t h  

Def in ing  t h e  mean diameter &t t h e  b l ade  t r a i l i n g  edge, we can 
e x p r e s s  t h e  product  D,hb through t h e  a n n u i s r  area a t  t h e  t u r b i n e  

o u t l e t  Dmhb = F2/n. Then, 

From t h i s  formula,  i t  i s  obvious t h a t  t h e  t e n s i l e  stresses i n  
t h e  t u r b i n e  b l a d e s  are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t u r b i n e  o u t l e t  
a n n u l a r  area F2. 

The t u r b i n e  r o t o r  b l ades  are zlways constructec2 w i t h  var iab le  
s e c t i o n  a long  t h e i r  l e n g t h ,  d e c r e a s i n g  from t h e  r o o t  t o  t h e  upper 
p h e r i p h e r a l  blade s e c t i o n .  The re fo re ,  t h e  t e n s i l e  stress i n  t h e  

I 

I 
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r o o t  s e c t i o n  o f  rea l  b lade  wili be smaller t h a n  i n  blades w i t h  
c o n s t a n t  cross s e c t i o n .  Yhis i s  u s u a l l y  t a k e n  i n t o  account  wi th  
the  h e l p  o f  the  blade form c o e f f i c i e n t  KaCI; 

The magnitude o f  t h e  c o e f f i c i e n t  K depends on the  r e l a t i v e  O 
blade l e n g t h  Dm/hb, c h a r a c t e r i z e d  a lso by t h e  r e l a t ive  diameter 3 = 

DI/Do, and on the r a t i o  o f  t h e  p e r i p h e r a l  ( f o )  and r o o t  ( f i )  b l ade  

s e c t i o n  areas T = fo/fi, and on t h e  s e c t i o n  area v a r i a t i o n  a long  t h e  

blade l e n g t h .  

- For l i n e a r  s e c t i o n  area v a r i a t i o n  a l o n g  the  b l a d e  l e n g t h ,  fx - 

fo x, t h e  c o e f f i c i e n t  f i  - 
fi - 

The numerical  va lue  o f  the  form c o e f f i c i e n t  K f o r  v a r i o u s  O 
r u l e s  of  v a r i a t i o n  of t h e  area "f" a l o n g  t h e  blade l e n g t h  can be  

determined w i t h  t h e  h e l p  of  t h e  graph K 
from which i t  is  obvious tha t  t h e  c o e f f i c i e n t  K,j, v a r i e s  l i t t l e  i n  a 

wide range of v a r i a t i o n  of t h e  r e l a t i v e  diameter i. 
K O ,  t h i s  a l lows  us  t o  assume Ti c o n s t a n t  and equa l  t o  3 . 6 5 .  which 
cor responds  approximately t o  t h e  m a j o r i t y  of  a v i a t i o n  gas  t u r b i n e s .  
For most a v i a t i o n  GTE t u r b i n e  r o t o r  blades, t h e  va lue  of t h e  form 
c o e f f i c i e n t  v a r i e s  i n  q u i t e  narrow l i m i t s  - 

= $ ( ? I  (see 3 igu re  3 . 2 b ) ,  0 

For de te rmining  

= 0.48 - 0.54. K(tJ 

The q u a n t i t y  at c o n s t i t u t e s  a s i g n i f i c a n t  p a r t  o f  t h e  stresses 

i n  t h e  b l ade  r o o t  s e c t i o n  and is very c h a r a c t e r 1 , t i c  f o r  e v a l u a t i n g  
blade s t r e n g t h .  However, f o r  a more o b j e c t i v e  e v a l u a t i o n  of b l ade  
o p e r a t i o n a l  r e l i a b i l i t y ,  it i s  necessary  t o  know t h e  b l a d e  s t r e n g t h  
margin. To t h i s  end, we must  add t o  at t he  res idua l  bending 

5 9  
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stresses which are not  
fo rces* ,  and determine 

i 
I 

compensated by t h e  b lade  f o i l  c e n t r i f u g a l  
t h e  a l lowab le  stresses based on t h e  blade 

material s t r e s s - r u p t u r e  s t r e n g t h  c h a r a c t e r i s t i , ,  a f t e r  f i r s t  f i n d i n g  
t h e  tempera ture  o f  t h e  most h i g h l y  stressed blade r o o t  s e c t i o n .  

We Kote t h a t  t he  minimal s t r e n g t h  margin usLially occur s  no t  a t  
t h e  blad-! r o a t  s e c t i o n ,  bu t  r a the r  a t  a nearby s e c t i o n ,  which has  
stresses which d i f f e r  l i t t l e  i n  magnitude bu t  higher  t empera tu re ,  
because o f  t h e  f a c t  t h a t  t h i s  s e c t i o n  i s  l o c a t e d  i n  a zone of h i g h e r  
gas t e m p e r a t u r e  and very l i t t l e  hPat  is  transferred i n t o  t he  base of  
the  blade.  Such s e c t i o n s  are  most f r e q u e n t l y  l o c a t e d  a t  about  one 
q u a r t e r  of t h e  b l ade  l e n g t h  f;*om t h e  r o o t  s e c t i o n .  T h e i r  l o c a t i o n  
i s  detei-mined by t h e  r ra ture  of t h e  blade cross s e c t i o n  ai.ea d i s -  

t r i b u t i o n  a l o n g  i t s  l e n g t h  and by t he  rad ia l  tempera ture  p a t t e r n  
(F igu re  3 . 3 ) .  

Figure  3 . 3 .  Dependence o f  s t r e n g t h  margin 
on b l ade  c r o s s  s e c t i o n  a r e a  v a r i a t i o n  a long  

t h e  b l a d e  l e n g t h :  

"b 'i 
Tb - blade temperature; n 100 = 'lo&; 

* 
Uncompensated residual bending s t r e s s e s  a r i se  i n  t h e  b l a d e  f o i l  i n  

t h e  case  of  a r e l a t i o n s h i p  of 
t h e  bending stresses f rom t h e  
anced by t h e  bending stresses 
f o r c e s .  

t h e  gas  and C e n t r i f u g a l  f o r c e s  i n  which 
ac t i r jn  o f  t h e  gas f o r c e s  are not  b a l -  
from t h e  a c t i o n  of t h e  c e n t r i f u g a l  
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The magnitude of  t h e  uncompensated r e s i d u a l  be.,ding stress 
i n  a i r c r a f t  GTE t u r b i n e  r o t o r  b l a d e s  i s  u s u a l l y  determined by U 

t h e  range cf b w l . a t i o n  of t h e  l o a d i n g  from a c t i o n  cf t h e  gas f o r c e s .  /52 
The b roade r  t h i s  range ,  t h e  larger t h e  magnituae of t h e  residual 
bending stresses. 

bend 

The v a r i a t i o n  of  t h e  l o a d  from t h e  gas f o r c e s  a c t i n g  ori t h e  

blade is  determined b a s i c a l l y  by t h e  v a r i a t i o n  of the gas f l o w r a t e  
through t h e  t u r b i n e .  
t i o n  of  t h e  r e l a t i v e  maximal 

F igu re  3.4 shows t h e  ? a t i o  ubend/at as a func- 

gas f l o w r a t e  ~ J W X ! ~ ~ ~ ,  where 
i s  t h e  maximal gas flow- G 

ra te  through t h e  t u r b i n e  ove r  
t h e  e n t i r e  engine  o p e r a t i n g  
regime range ,  and Go i s  t h e  

gas f l o w r a t e  under s t a n d  con- 
d! t i o n s ,  cor responding  t o  the 

r1ax at 

maximal reduced r o t o r  speed. 
Th i s  graph i s  c o n s t r u c t e d  on F igu re  3 .4 .  R a t i o  ubend /a as 

f u n c t i o n  of r e l a t i v e  maximal gas 

o - blades without  s h r m d ;  A - 
f l o w r a t e  3max/Gg: t h e  basis of s t a t i s t i c a l  data 

a.id can be  used f o r  p r e l i m i -  
nary c a l c u l a t i o n s .  

Then t h e  o v e r a l l  b l ade  

b lades  w i t h  wire bandinb o r  p l a t -  
form shroud 

s t r e s s e s  : 

) u t  bend U 
= (1 t - - 

at - 't 'bend ( 3 . 7 )  

The a l lowab le  b l a d e  stresses depend on t h e  blade m a t e r i a l  and 
the  tempera ture  of  t h e  most h i g h l y  s t r e s s e d  lower s e c t i o n  b l ade .  

The blade tempera ture  Tb i s  determined by t h e  t o t a l  temperature 
i n  t h e  r e l a t i v e  motion: 



I 1 

, 
3: 

2 - R  
7-;=- /  ,-- --- , 

& 

k - .  

( 3 . 8 )  

ti 
If we s u b s t j t u t e  i n t o  (3.8)  the  express ion ,  ‘ ~ ~ ~ - y V  

where T* - gas t o t a l  tempera ture  aheed of t h e  cons ide red  
averaged around 2 c i r c l e  o f  g iven  r a d i u s ,  and 

ae , ;zs i - -&~,$-u-  , we o b t a i n :  

o i  s t a g e ,  

From t h e  previous  a n a l y s i s  (see Chapter  11), we know tha t  c l l , ’u= 

p- ( Q U : ! ~ ) .  and f o r  the r o o t  s e c t i o n ,  ~ c l u / u ) ~ = ~ i - ( C : ~ ~ ~ ~ J i  . 

t--= + -  { I  -- A,) From (2.25), w e  f i n d  ;-=--- - Tnen, 
1 . h-a 

Aft, T s u b s t i t u t t n g  (3.10) i n t o  ( 3 . 9 ) ,  we o b t a i n :  

k :  

Here, i s  t h e  o v e r a l l  work of  t h e  preceding  stages.  

When de termining  t h e  blade tempera ture  v a r i a t i o n  a long  i t s  
l eng th ,  we assume t h a t  t h e  gas tempera.ture at  t h e  combustion chamber 
e x i t ,  averaged arouncl : 7 i r c l e  of g iven  r d i u s ,  i . e . ,  the  tempera ture  
nonuniformity,  re ta i - ,  t s n a t u r e  up t o  t h e  t u r b i n e  e x i t .  The tDtol 
temperature  determined i n  t h i s  f a s h i o n  TT ._ w q . 1 1  b e  c l o s e  t o  i t s  

a c t u a l  value w i t h  accuracy adequate  f o r  e v a l g a t i n g  t h e  s t r e n g t h  o f  

P ZI 
$ 

t h e  material from which t h e  bJ.ades a r e  t o  b e  made. 
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Because of hea t  removal i n t o  t h e  d i sk ,  p a r t i c u l a r l y  when cool- 
i ng  the blade r e t e n t i o n  area, and a d d i t i o n  t o  the  gas stream of t h e  
a i r  from the cavi ty  ahead of the  t u r b i n e  d i sk ,  t h e  blade temperature 
i n  t h e  roo t  r z g i m ,  i n  c o n t r a s t  w i t h  the o t h e r  s e c t i o n s ,  i s  not 
equal  t o  the temperature of t h e  gas flowing around t h e  blade,  and 
the d i f f e rence  may amount t o  from 50° t o  150°, and i n  the  case of 
blade a i r f o i l  cool ing,  t he  d i f f e r e n c e  between t h e  gas temperature 
and the blade temperature is s t i l l  l a r g e r .  

Consequently, t h e  blade temperature a t  t h e  r o o t  s e c t i o n  
(Ti ) i  = (Ti w ) i  - AT, where AT is t h e  c o r r e c t i o n  accounting for t h e  

na tu re  of  t h e  temperature f i e l d  a long t h e  rad ius ,  heat removal i n t o  
t h e  d i s k ,  and blade cool ing.  

The s t r e n g t h  c h a r a c t e r i s t i c  of 
some materials used i n  f a b r i c a t i n g  
tu rb ine  s t s t o r  vanes and r o t o r  
blades i s  shown i n  Figure 3.5, where 
the stress l e v e l  P - - 7 ! 1 < ~ - 2 0 1 ,  T - 
loading t i m e  t o  f a i l u r e ,  T - t e m -  
pera ture  i n  K. Using t h i s  charac- 
t e r i s t i c ,  we can f i n d  t h e  allowable 
s t r e s s e s  a, for the  s e l e c t e d  mate- 

r ia l  as the r a t i o  of t h e  u,t.iinate 
S t r e s s  ou, determined from Lhe graph 

(see  F i g u r e  3.5), t o  t h e  normed 
s t r e n g t h  margin. For t h i s ,  we need 
t o  know the  blade temperature,  t h e  
t ime which the  b l ade  mus t  opera te  
a t  this temperature,  ar.d the  mag- 
ni tude of t he  requi red  s t r e n g t h  
margin. 

CJU 
a 

Figure 3.5. S t ress - rupture  
l i m i t s  of  materials 
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It may happen t h a t  i n  t h e  c a l c u l a t i o n  we o b t a i n  aa < ax. I n  

t h i s  case, the  r e q u i r e d  s t r e n g t h  margin w i l l  no t  b e  provided:  

Then it is necessary  t o  e i the r  reduce  t h e  blade tempera ture  by i n -  
t r o d u c i n g  s p e c i a l  blade c o o l i n g ,  r educ ing  the  t u r b i n e  i n l e t  gas tem- 
pe racu re ,  o r  reducing  ax. As a r u l e  i t  i s  not  a d v i s a b l e  t o  reduce  

aC by r educ ing  abend, s i n c e  Q 

d u c t i o n  leads t o  the  n e c e s s i t y  f o r  a very  wide blade and, conse- 
quen t ly ,  i n c r e a s e  o f  t he  t d r b i n e  weight (mass), which i s  extremely 
undesirable. 

F2, t h e  form c o e f f i c i e n t  K 

means tha t  the  b a s i c  t u r b i n e  d e s i g n  v a l u e s ,  o b t a i n e d  from t h e  g e n e r a l  
engine  des ign ,  cannot be r e a l i z e d  w i t h i n  t he  l i m i t s  o f  t h e  s p e c i f i e d  
s t r e n g t h  margins and weight,  and these i n i t i a l  v a l u e s  must be re- 
examined. 

i s  ncc i n  i t se l f  large and i t s  re- bend 

Therefore, w e  must reduce  at by reducing  tke e x i t  area 

o r  the t u r b i n e  r o t a t i o n a l  speed. Th i s  
(0’ 

Reduction of  t u r b i n e  e x i t  area F2 

For g iven  p;, TZ, Gg,  and LT, t h e  t u r b i n e  e x i t  area F2 can be 

reduced by i n c r e a s i n g  t h s  gas v e l o c i t y  r12 c.  

that  the maximal p e r m i s s i b l e  va lue  of M2 

We have no ted  p rev ious ly  

i s  l i m i t e d  not  only by the  

af t e r c u r n e r  chamber and p r o p u l s i v e  nozz le  o p e r a t i n g  c o n d i t i o n s  and 
the h y d r a u l i c  r e s i s t a n c e s  i n  t h e  chaaber  and nozz le ,  bu t  a l so  by t he  

magnitude o f  t h e  a l lowab le  losses i n  t h e  t u r b i n e  i t s e l f .  We see 
from the cu rves  i n  F igu re  2 .4  t h a t  i n c r e a s e  of t h e  gas v e l o c i t y  above 
Mzc=0,5 leads t o  r e d u c t i o n  of t h e  turbir , , .  e f f i c i e n c y .  Such impor tan t  
ope .c ing c h a r a c t e r j s t i c s  as engine  s t a r t i n g ,  a c c e l e r a t i o n ,  and sen-  
s i t i v i t y  t o  v a r i a t i o n  of t h e  p r o p u l s i v e  nozz le  e x i t  ( t h r o a t )  area 
a l s o  depend t o  a c o n s i d e r a b l e  degree on the va lue  of  M2 c .  
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Reduction of  +,he blade form c o e f f i c i e n t  K 

It fo l lows  from (3.6) t h a t  t h e  t e n s i l e  stresses can b e  reduced 
by r educ ing  the  form c o e f f i c i e n t  K We s h a l l  see the degree t o  

which t h i s  r e d u c t i o n  i s  r e a l i s t i c ,  and how i t  is  accomplished. 
Q -  

We see from F igure  3.2 t h a t  f o r  t h e  blade whose c r o s s  s e c t i o n  
area v a r i a t i o n  a long  t h e  l e n g t h  i s  c l o s e  t o  a c u b i c a l  pa rabo la ,  t he  

c o e f f i c i e n t  K w i l l  be smaller t h a n ,  f o r  example, f o r  t h e  l i n e a r  law. 

The c o e f f i c i e n t  K w i l l  also decrease w i t h  r e d u c t i o n  of the r a t i o  T 
of the upper ( t i p )  f o  and lower ( r o o t )  f i  blade s e c 5 i o n  areas. 

e v e r ,  we must bear i n  mind the fo l lowing .  

+ 
/s $ 

How- 

1. Not a l l  t u r b i n e  blades can  b e  made w i t h  c r o s s  s e c t i o n a l  
area v a r i a t i o n  a long  t h e  l e n g t h  c l o s e  t o  t h e  c u b i c a l  p a r a b o l i c  law. 
Th i s  is because of  t he  f a c t  t h a t  for blades s o  des igned ,  w i t h  l e n g t h  
more than  60 - 70 mm, t h e  maximal  o v e r a l l  stresses w i l l  o ccu r  no t  
a t  the  r o o t  s e c t i o n  o r  n e a r  t h e  r o o t  s e c t l o n ,  bu t  a t  approximate ly  
one quarter o r  one t h i r d  of  t h e  blade mean l e n g t h  measured from t h e  

r c o t  s e c t i o n .  T h i s  i s  exp la ined  by t h e  f ac t  t h a t  for such b l ades ,  

t he  Sending modulus decreases markedly  from t h e  r o o t  toward t h e  t i p  
and t h e  uncompensated bending stresses w i l l  very large, and a l s o  
by the f t ic t  t h a t  i n  c e r t a i n  cases w i t h  va r i r ; ,  3r-i of t h e  b lade  c r o s s  
s e c t i o n a l  areas, fo l lowing  the  c u b i c a l  pa ra t J l ? .  law, t h e  peak t e n -  
s i l e  stress maves upward from t h e  r o o t  s e c t l o n .  We must  a l s o  bear 
i n  mind that  w i t h  i n c r e a s i n g  d i s t a n c e  from the  r o o t  s e c t l o n ,  t h e  

blade tempera ture  i n c r e a s e s  and ,  consequent ly ,  t h e  s t r e n g t h  margin 
w i l l  d e c r e a s e  t o  a greater  degree  t h a n  s i m p l y  because of t h e  i n c r e a s e  
of t h e  blade s t r e s s e s .  

2 .  Reduction of i s  achieved  by  i n c r e a s i n g  the  b lade  r o o t  
s e c t i o n  area. T h i s  r e s u l t s  from t h e  f a c t  th3.t f o r a  d e f i n i t e  number 
of  b lades  and min ima l  al lowable cascade s o l i d i t y  a t  t h e  o u t e r  d i a -  

meter, t h e  p r o f i l e  chord l e n g t h  i s  a l r e a d y  s p e c i f i e d ,  wh i l e  t h e  
m i n i m 1  a l lowab le  t h i c k n e s s  of t h e  l e a d i n g  and t r a i l i n g  edges and 



I 1 

f 

of t h e  p r o f i l e  i t s e l f  i s  l i m i t e d  by manufactur ing and s t r e n g t h  con- 
s i d e r a t i o n s .  The minimal a l lowab le  edge t h i c k n e s s  should  be s e l e c t e d  
from c o n s i d e r a t i o n s  o f  blade s t i f f n e s s  and material p r o p e r t i e s  ( g r a i n  
s i z e ,  c o r r o s i o n  r e s i s t a n c e ,  s e n s i t i v i t y  t o  stress c o n c e n t r a t i o n ,  
and so o n ) .  

However, i n c r e a s e  o f  the  blade r o o t  s e c t i o n  area has c e r t a i n  
l i m i t s .  For example, it is  not  a d v i s a b l e  t o  i n c r e a s e  the area by 

e a c e s s i v e  i n c r e a s e  of t he  l e a d i n g  o r ,  p a r t i c u l a r l y ,  t h e  t r a i l i n g  edge 
t h i c k n e s s ,  s i n c e  t h i s  leads t o  i n c r e a s e  o f  t h e  n y d r a u l i c  l o s s e s  and 
r e d u c t i o n  of  t he  t u r b i n e  e f f i c i e n c y .  Excess ive  i n c r e a s e  o f  t h e  pro- 
f i l e  maximal t h i c k n e s s  alsc leads t o  r e d u c t i o n  of t h e  t u r b i n e  e f f i -  
c i ency .  I n  f a c t ,  i f  w e  make t h e  blade r o o t  s e c t i m  p r o f i l e  w i t h  

maximal t h i c k n e s s  greater than:  

t h e  i n t e r b l a d e  channel  w i l l  be  d i v e r g e n t  (F igu re  3 . 6 ) ,  and t h i s  

a l w a y s  leads t o  greater losses t h a n  use  of a convergent  zhannel .  

Another p o s s i b i l i t y  i s  t o  
i n c r e a s e  the blade r o o t  s e c t i o n  
area by  i n c r e a s i n g  t h e  b l ade  

width.  T h i s  leads t o  t h e  n e c e s r  
s i t y  t o  make t h e  cascade wi th  

e x c e s s i v e l y  l a r g e  s o i i d i t y  n e a r  
t h e  blade r o o t ,  which a l s o  leads 

a b 

I 

t o  t h e  appearance o f  a d d i t i o n a l  F igu re  3.6. D i f f e r e n t  i n t e r -  
/ 5 7  h y d r a u l i c  l o s s e s  i n  t h e  t u r b i n e  - blade channel  forms: 

a - d i v e r g e n t  channel ;  b - 
channel  w i t h  l o c a l  d ive rgence  and a l s o  t o  i n c r e a s e d  t u r b i n e  

- 
weight .  

The minimal p r a c t i c a l l y  r e a l i z a b l e  va lues  df T = fo / f i  f a l l  
: t h e  range T = 0 . 2  - 0.25. 

i 
t 

66  



t 

I 

! 

Reduction o f  r o t a t i o n a l  speed  

It fo l lows  from (3 .5)  t h a t  r e d u c t i o n  o f  t h e  t u r b i n e  r o t a t i o n a l  
speed is  an  e f f e c t i v e  t echn ique  f o r  r educ ing  t h e  t e n s i l e  stresses 

Hawever, we mus: bear i n  mind tha t ,  i n  t h i s  c a s e ,  t h e  cornpres- 

s o r  r o t a t i o n a l  speed a l s o  d e c r e a s e s ,  and t h e r e f o r e  t he  number o f  
compressor stages must b e  i nc rea2ed  i n  o r d e r  t o  ma in ta in  t h e  head 

c o e f f i c i e n t .  

T h i s  s t i l l  does no t  mean tha t  t h e  compressor weight n e c e s s a r i l y  
i n c r e a s e s .  The r e d u c t i o n  o f  t h e  l o a d i n g  on t h e  compressor blades 

and d i s k s  from the  a c t i o n  o f  the  c e n t r i f u g a l  f o r c e s  may y i e l d  a 
weight sav ings  which w i l l  b e  e q u a l  t o  or g r e a t e r  t h a n  t h e  weight  o f  
t he  added s t a g e s .  It a l l  depends on t h e  s p e c i f i c  engine  conf igu ra -  
t i o n ,  engine  s i z e ,  and the magnitude of t h e  r o t a t i o n a l  speed change. 

For twin-spool,  b y p a s s ,  or tu rboprop  eng ines ,  r o t a t i o n a l  speed 
change leads t o  s t i l l  l a rge r  s t r u c t u r a l  changes i n  comparison w i t h  

t h e  TJE. Therefore,when i t  beomes necessary  t o  change t h e  r o t a t i o n a l  
speed, i t  i s  necessary  t o  make a de t a i l ed  a n a l y s i s  f o r  each  s p e c i -  
f i c  case .  

A s  a r u l e ,  t h e  maximal t u r b i n e  J u t e r  diameter Do i s  l i m i t e d  

by t h e  g e n e r a l  engine  c o n f i g u r a t i o n  and t h e  c o n d i t i o n s  o f  i t s  mount- 
i n g  on t h e  a i rp l ane ,  and i s  s e l e c t e d  w i t h  account  f o r  e n s u r i n g  
minimal t u r b i n e  we igh t .  

After u s i n g  ( 3 . 2 )  t o  determine t h e  t u r b i n e  e x i t  flow s e c t i o n  
area F2, s e l e c t i n g  t h e  b l a d e  r o o t  s e c t i o n  l o a d i n g  c o e f f i c i e n t  p i ,  

and knowing the f i n a l  stage work Lst  and t h e  r o t o r  r o t a t i o n a l  speed  /* 

n rpm, we f i n d  t h e  t u r b i n e  i n n e r  diameter (hub  d i a m e t e r ) :  
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Since  Do corresponds  t o  t h e  t u r b i n e  e x i t ,  I n  o r d e r  t o  

determine it i n  t h e  case  o f  d e c r e a s i n g  hub diameter (F igu re  3.7a,  c ) ,  

t h e  l o a d i n g  c o e f f i c i e n t  can  be t aken  somewhat l a r g e r  t h a n  f o r  t h e  
s t a g e s  with smaller a n g l e  yi. Thus, in t h e  c a s e  o f  hub t a p e r  a n g l e  

F igu re  3.7. Turbine f low p a t h  schemes i n  
mer id iona l  s e c t i o n  

- Di = ( 8  - l o ) ’ ,  where s i s  t h e  d i s k  r i m  w i d t h ,  Di 1 yi = a x t g  
2s 

t h e  load ing  c o e f f i c i e n t  can b e  t aken  as ui % 2 .2 .  

Then t h e  t u r b i n e  o u t e r  aiameter 

If t h e  r e s u l t i n g  value of Dg 

c o n f i g u r a t i o n ,  o r  Di 

can  b: produced on t h e  a v a i l a b l e  equipment,  o r  t h e  b l ade  l e n g t h  
hb = ( D o  

t u r b i n e  e f f i c i e n c y  markedly ,  t h e  number of t u r b i n e  s t a g e s  must be  

i nc reased  i n  n r d e r  t o  reduce Di 

does no t  ag ree  w i t h  t h e  g e n e r a l  eng ine  
L 

exceeds t h e  dimensions of t h e  forgings which 

- P1 2)/2 i s  SEI s h o r t  t h a t  t n e  end l o s s e s  may reduce t h e  

and Do 2. 

If we a s s m e ,  f o r  example, uniform d i v i s i o n  o f  t h e  work among 
t h e  t u r b i n e  s t a g e s ,  t h e n  t h e  o u t e r  diameter o f  t h e  l a s t  s t a g e ,  which 
i s  a l s o  t h e  max ima l  diameter o f  t h e  e n t i r e  t u r b i n e ,  will be: 
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where z i s  the  number of  stages. 

It is obvious t h a t  t h e  t u r b i n e  o u t e r  diameter can be reduced by /59 
reducing  t h e  t u r b i n e  work o r  i n c r e a s i n g  t h e  number o f  stages.  

3 . 3 .  Turbine Flow Pa th  Conf igu ra t ion  S e l e c t i o n  

S e v e r a l  flow p a t h  schemes i n  t h e  mer id iona l  s e c t i o n  can  be 

realized i n  t h e  l i m i t s  o f  the  s e l e c t e d  va lue  of  Do 2: 

a )  w i t h  c o n s t a n t  o u t e r  diameter and d e c r e a s i n g  i n n e r  diameter 
(see F igure  3.7a) 

b) w i t h  i n c r e a s i n g  o u t e r  diameter and c o n s t a n t  i n n e r  diarne.;,z 
(see F igure  3.7b); 

1 

c )  w i t h  va ry ing  o u t e r  and i n n e r  diameters (see F igure  3 . 7 ~ ) .  A 

p a r t i c u l a r  c a s e  of t h i s  scheme i s  t h e  t u r b i  . ' t h  c o n s t a n t  mean 
diameter . 

The scheme w i t h  c o n s t a n t  o u t e r  diameter makes i t  p o s s i b l e  t o  
c o n s t r u c t  the  t u r b i n e  w i t h  smaller number o f  stages i n  comparison 
w i t h  t h e  o t h e r  schemes and, i n  t h e  c a s e  o f  a s i n g l e  stage, makes it 
p o s s i b l e  t o  t a k e  more work from t h e  t u r b i n e  f o r  a g iven  l o a d i n g  
c o e f f i c i e n t .  ' i 'his i s  exp la ined  by  t h e  f ac t  t h a t ,  f o r  t h e  s e l e c t e d  
maximal o u t e r  diameter, t h e  t u r b i n e  made us ing  t h e  scheme w i t h  Do = 

cons t  f o r  a g iven  r o t a t i o n a l  speed has h ighe r  c i r c u m f e r e n t i a l  velo-  
c i t i e s  a$ t he  mean diameter and,  p a r t i c u l a r l y ,  a t  t h e  i n n e r  diameter 
of t h e  f i r s t  t u r b i n e  stages t h a n  i n  t h e  o t h e r  schemes. lowever, 
i n  t h e  scheme w i t h  Do = c o n s t ,  t h e  f i r s t - s t a g e  b l a d e s  w i l l  b e  s h o r t e r  
t han  those  of t h e  l a s t  stages.  

The t u r b i n e  w i t h  cons t an t  i n n e r  diameter, equa l  t o  t h e  diameter 
of t h e  las t  s t a g e  (see Figure  3 . 7 b ) ,  has lower c i r c u m f e r e n t i a l  
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v e l o c i t i e s  i n  t h e  first s t a g e s ,  which may make i t  necessa ry  t o  in -  
c r e a s e  the  number o f  stages o r  i n c r e a s e  t h e  l o a d i n g  o f  t h e  f i r s t  
s t a g e s  and, consequent ly ,  may lead t o  r e d u c t i o n  of  t h e  t u r b i n e  
e f f i c i e n c y .  

'I 

However, t h e  f low p a t h  scheme w i t h  Di = cons t  has c e r t a i n  t ech -  
n o l o g i c a l  advantsges ,  and makes i t  p o s s i b l e  t o  use a l o n g e r  first- 
stage blade t h a n  i n  schemes a and c ,  which i s  impor tan t  f o r  small  
t u r b i n e s .  For example, absence  of t a p e r  i n  t h e  r o o t  p a r t  of the  
blade faci l i ta tes  i t s  machining and s i m p l i f i e s  i n s p e c t i o n  d u r i n g  
f a b r i c a t i o n ;  t h e  s m a l l e r  i n n e r  diameter f a c i l l t a t e s  p roduc t ion  of 
t u r b i n e  d i s k  1 : i s t ings  o r  f o r g i n g s ,  and so on. 

The f low p a t h  w i t h  Dm = c o n s t  i s  i n t e r m e d l a t e  between the  

schemes examined above. 

The impress ion  may be c r e a t e d  tha t ,  s i n c e  a t u r b i n e  w i t h  Do = 
c o n s t  can be c o n s t r u c t e d  w i t h  a smaller number of  stages, i t  w i l l  be 

l i gh te r  t h a n  t h e  t u r b i n e  w i t h  D i  = c o n s t ,  having a larger  number of 
s t a g e s  f o r  t h e  same l o a d i n g  of  each  stage i n  both  t u r b i n e s .  How- 
e v e r ,  i n  many c a s e s  t h i s  impress ion  may be rnisleadiqg, s i n c e  t h e  

weight o f  t h e  t u r b i n e s  be ing  compared w i l l  be  determined no t  only 
by t h e  number of stages, but a l s o  by t h e  degree t o  which i t  i s  
p o s s i b l e  t o  reduce  t h e  t u r b i n e  diameter w i t ! i  i n c r e a s e  o f  t he  number 
of  stages and wid th  o f  t h e  s t a t o r  -tanes and r o t o r  b l a d e s ,  which i n  

/ 6 0 !  

t u r n  
ab le  
r c o t  

i s  determined by t h e  s t a t o r  vane a t tachment  d e s i g n  and t h e  a l low- 
r o t o r  b lade  aspecc  r a t i o  [ r a t i o  o f  blade l e n g t h  t o  wid th  of i t s  

s e c t i o n ) .  i 
t, 
f: 
c i The a l lowab le  r o t o r  blade a s p e c t  r a t i o  i s  de termined ,  i n  t u r n ,  

by t h e  magr-Atude of  t h e  bendirig stresses i n  t h e  b l ades  and use of 
some p a r t i c u l a r  blade banding t echn ique .  F i n a l l y ,  t h e  r e l a t i v e  
weight of  these t u r b i n e s  w i l l  a l so  depend on t h e i r  s i z e .  The re fo re ,  
a comparat ive weight a n a l y s i s  must be made i n  each s p e c i f i c  c a s e  
when making t h e  de t a i l ed  t u r b i n e  c a l c u l a t i o n s .  
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In  a d d i t i c n  t o  t h e  schemes examined above, wide use 1s made o f  
i n t e r m e d i a t e  (when a l l  th ree  diameters Di ,  Dm, Do are  v a r i a i i l e )  

and combined schemes, when, f o r  example, t h e  f i r s t  s t a g e s  art? made 
us ing  t h e  scheme wi th  Dm = c o n s t  a n a  t h e  l a s t  s t a g e s  -with 
Do = c o n s t .  

For g iven  s t a g e  work o r  heat drop i n  t h e  t u r b i n e  s tage,  t h e  

gasdynamic c a l c u l a t i o n  o f  t h e  t u r b i n e  y i e l d s  t h e  magnitude of the 
r e q u i r e d  c i r c u m f e r e n t i a l  v e l o c i t y  u. S ince  d i f f e r e n t  t u r b i n e  d-a- 

meters ( d i f f e r a n t  r e l a t i v e  hub diameters ?: = Do /Di) co?respond 

t o  this va lue  o f  u f o r  d i f f e r e n t  r o t a t i o n a l  speeds ,  t h e  q u e s t i o n  
arises of t he  most r a t i o n a l  s e l e c t i o n  of  these q u a n t i t i e s .  

T h e o r e t i c a l  a n a l y s i s  and examinat ion of t h e  r e s u l t  o f  des ign  
re f inement  o f  v a r i o u s  t u r b i n e  v a r i a n t s  show t h a t  f o r  f i x e d  va lues  of  
u and o v e r a l l  b l ade  stresses (ot t obend = c o n s t ) ,  t h e  t u r b i n e  

weight remains p r a c t i c a l l y  c o n s t a n t .  The re fo re ,  when s e l e c t i n g  t h e  

t u r b i n e  diameter, w e  can  be guided by o t h e r  c o n s i d e r a t i o n s :  o v e r a l l  
dimensions,  matching o f  t h e  t u r b i n e  and compressor c h a r a c t e r i - t i c s  
[2e ] ,  magnitude o f  t h e  r e l a t i v e  hub diameter, and ease of  f a b r i f - i t i o n .  

m 

i 

i 

I n  p r a c t i c e ,  it is ra rz ly  p o s s i b l e  t o  des ign  a t u r b i n e  having 
a f low p a t h  w i t h  c o n s t a n t  o u t e r  o r  i n n e r  diameter. If t h e  gas ex-  
pans ion  r a t i o  i n  t h e  t u r b i n e  Pe*'P2>&r , t h e n  i f  we keep t h e  o u t e r  o r  
i n n e r  diameter c o n s t a n t ,  t h e  r a t i o  o f  t h e  a n n u l a r  ar2as a t  t h e  t u r -  
b i n e  e n t r a n c e  and e x i t  may b e  such t h a t ,  f o r  a r e a l i s t i c a l l y  f e a s j h l e  
flcw p a t h  w i d t h ,  t h e  a n g l e  y ( s e e  F igu re  3 . 7 )  i s  e x c e s s i v e  : I  ..> . 
Then, t h e  t u r b i n e  i s  made w i t h  va ry ing  o u t e r  and i n n e r  d i ame te r s .  
The t a p e r  a n g l e s  yo and yi  o f  t h e  o u t e r  and i n n e r  turtt j i- i i .  flow paLh 

contours  i n  t h e  mer id iona l  s e c t i o n  a r e  determined by t h ?  magnitude 
of t h e  a d d i t i o n a l  h y d r a u l i c  l o s s e s  which may a r i s e  i n  tliis c a s e ,  e n 3  

by  c o n s i d e r a t i o n s  o f  r o t o r  b lade  s t r e n g t h  and,  sometirnes, by L i l e  

t u r b i n e  f a b r i c a t i Q n  and a s s e l a b l y  technology.  

7 1  
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Experience i n  deve loping  a i r c r a f t  eng ine  gas t u r b i n e s  shows 
tha t  the a n g l e s  yo and yi f o r  ne ighbor ing  cascades  should  n o t  d i f f e r  

by more than  8 - 12O. T h i s  e n s u r e s  smooth v a r i a t i o n  of' t h e  flow p a t h  
con tour s  and absence o f  losses which can  a r i se  i n  t h e  c a s e  of  s h a r p  
v a r i a t i o n  of  the  f low p a t h  p r o f i l e  i n  the  m e r i d i a n s i  s e c t i o n .  

The magnitude o f  t he  b lade  cascaae  a n g l e  y which i s  a c c e p t a b l e  
from the  viewpoint of h y d r a u l i c  l o s s e s  i s  d e f i n e d  by t h e  d ivergence  
F = Fen/(Fex s i n  a l ) ,  and by t h e  r e l a t i v e  i n t e r b l a d e  channel  he ight  

hex/a (hex - blade l e n g t h  a t  t h e  e x i t ;  a - i n t e r b l a d e  channel  

t h r o a t  wid th) .  For  s t a t o r  cascades  w i t h  a x i a l  flow d i r e c t i o n  a t  t h e  

e n t r a n c e :  

- 

and for r o t o r  b l ades :  

F igure  3.8 shows t h e  

r e l a t i v e  l o s s  coe f f i c i en t - i ,=kE  bo 
as a f u n c t i o n  of  i n t e r b l a d e  
channel. d ivergence  F, ob- 
t a i n e d  from t e s t s  o f  s t a t o r  
p r o f i l e  cascades  w i t h  endwall  
s l o p e  a n g l e s  y up t o  4 5 O .  
The 30" a n g l e  was formed i n  
one case  by a p l ane  extend-  
i n g  from t h e  e n t r a n c e  t o  t h e  

e x i t  (see F igure  3.8a) ,  and 
i n  t n e  o t h e r  c a s e  by a cu rv i -  
l i n e a r  s u r f a c e  having a t  t h e  

F igu re  3.8. R e l a t i v e  cascade  l o s s  
c o e f f i c i e n t  Cz ver sus  cli;anilcl riiver- 

gence P 

/62 
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Y 

e x i t  a segment 1Jarallcl t o  t h e  channel  ax is  (see F igure  j . 8 b ) .  This  
segment s t a r t s  from t h e  narrow s e c t l o n  of  the i n t e r b l a d e  channel ,  
as a resu l t  o f  which t h e  degree o f  d ivergence  i n  t h e  ob l ique  e x i t  
zone d e c r e a s e s .  
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We see from the  iLe) graph t h a t  t he  cascade  w i t h  c u r v i l i n e a r  
t a p e r  (curve  b )  has somewhat smaller l o s s e s .  The re fo re ,  i t  i s  ad- 
v i s a b l e  t o  t e r m i n a t e  t h e  b lade  cascade t a p e r  p r i o r  t o  t h e  beginning  
o f  t h e  o b l i q u e  e x i t  segment ( s e c t i d n  a2  I n  F i g u r e  3 .6 ) .  
p a r t i c u l a r l y  t o  cascades  having small degree of  i n t e r b l a d e  channel  
convergence. 

T h i s  a p p l i e s  

- 
The curve  EiF) f o r  h/a = 10 was ob ta ined  by s c a l i n g  t h e  expe r i -  

mental  data. Here, i t  w 2 s  assumed tha t  t h e  degree  of i n t e r b l a d e  
channel  convergence remains c o n s t a n t ,  i . e . ,  t h e  a n g l e  a e f f e c t i v e l y  
dec reases ,  and the p r o f i l e  l o s s e s  r ema in  
c o n s t a n t  w i t h i n  t h e  l i m i t s  of  t h i s  re- 
duc t ion  (from a1=24' t o  a1-:14' ). 

1 

The exper iments  conducted showed 
tha t  v a r i a t i o n  of  t h e  Mach number a t  t h e  
e x i t  from t h e  cascade tes ted  i n  t h e  
range  &-0,4-0.9 has very l i t t l e  i n f l u -  
ence on the l o s s e s  i n  t he  cascade .  F i g u r e  3.9. R e l a t i v e  

cascade  secondary loss 
c o e f f i c i e n t  ve r sus  

The c o e f f i c i e n t  of  r e l a t i v e  sec-  a n g l e  Y 
0ndax.y loss v a r i a t i o n  x 
is  t h e  d i f f e r e n c e  between t h e  o v e r a l l  cascade l o s s  c o e f f i c i e n t  5, 

is t h e  magnitude ~ , , c  0 and t h e  p r o f i l e  loss c o e f f i c i e n t  5, . Here, rr 
' I  

o f  t h e  secondary l o s s e s  f o r  y = 0 .  The dependence of Fsec on t h e  

a n g l e  y i s  shown i n  F igu re  3 .9 .  These graphs  make i t  p o s s i b l e  t o  
e v a l u a t e  t h e  t u r b i n e  statc-1- p r o f i l e  cascade l o s s e s  i n  t h e  p re sence  
o f  flow p a t h  mer id iona l  contour  t aper .  

3 . 4 .  Determining Rotor and S t a t o r  Cascade Widths 

The r o t o r  and s t a t o r  cascade w i d t h s  dekond on t h e  magnitude o f  
the  bending moment a c t i n g  on t h e  vanes slid glades, and t h e  a l l o w a b l e  
bending stresses, and i s  determined i n  t h e  des ign  o f  a l r e a d y  pro-  
f i l e d  vanes and b l a d e s  whose geometr ic  c h a r a c t e r i s t i c s  a r e  known, 
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whi le  the  f o r c e s  a c t i n g  are determined i n  t h e  gasdynamic a n a l y s i s  
02 t h e  t u r b i n e .  

The re fo re ,  i n  s e l e c t i n g  t h e  flow p a t h  scheme, when t h e  complete 
t u r b i n e  gasdynamic a n a l y s i s  data and t h e  p r o f i l e  geometr ic  C h a r d C -  

t e r i s t i c s  are  no t  y e t  known, t h e  r o t o r  and s t a t o r  cascade w i d t h s  must 

such t h a t  a f t e r  p r c f i l i n g  and f i n a l  c a l c u l a t i o n ,  t h e  s t a t o r  vane and. 
r o t o r  b lade  wid ths  w i l l  no t  change markedly i n  comparison w i t h  t h e  
wid th  de texnined  wh2n s e l e c t i n g  t h e  f l o v  p a t h  scheme. 

be determined approximately.  The approximation must obvious ly  b e  /63 

This  can  be achleved  when t h e  b l a d e  w i d t h  of t h e  t u r b i n e  be ing  
designed i s  determined by s c a l i n g  t h e  w i d t h  of  blades f o r  which a l l  
t h e  des ign  data and geometr ic  c h a r a c t e r i s t i c s  a r e  known. These may 
be  e i t h e r  b lades  of  e x i s t i n g  o r  completely des igned  and m a l y z e d  
t u r b i n e s .  I n  p r a c t i c e ,  t h e  maximal  inaccuracy  i n  de te rmining  t h e  

r o t o r  blade w i d t h b y  t h i s  s c a l i n g  t echn ique  doe; no t  exceed 5% of  
t h e i r  f i n a l  dimension. Sometime, t h e  b lade  width i s  determined dur- 
i n g  des ign  by comparing t h e  blades wi th  e x i s t i n g  b l a d e s  on t h e  bas i s  
o f  a s p e c t  r a t i o ,  Eb = hb /b ,  and r e t a i n i n g  t h e  same a s p e c t  r a t i o .  

The technique  can be  used f o r  s imi la r  stages w i t h  compara t ive ly  small 
d i f f e r e n c e  oA t h e i r  geometr ic  dimensions.  I n  a l l  o t h e r  e a s e s ,  i t  
w i l l  lead t o  s i g n i f i c a n t  e m o r s .  

A s  a r u l e ,  t h e  r o t o r  b lade  r o o t  s e c t i o n  i s  w i d e r  t han  t h e  o t h e r  
s e c t i o n s ,  s i n c e  t h e  bendi_ig moment and t h e  cent r i fupa .1  f o r c e  l o a d  
are l a r g e s t  a t  t h i s  s e c t i o n .  Therefore ,  t h e  ro to r -  b l a d e  w i d t h  i s  
found f o r  t h e  r o o t  s e c t i o n .  The same conciu- Ion  a p p l i c  t o  c a n t i -  
l e v e r e d  s t a t o r  vanes.  T h e i r  w i d t h  i s  cietermined f o r  t h e  p r o f i l e d  
vane s e c s i o n  c l o s e s t  t o  t h e  p o i n t  of a t t achmen t .  

The a l lowab le  bending s t r e s s e s  u i n  t h e  r o t o r  b lade  r o o t  s e c -  a 

t i o n  o f  t h e  t u r b i n e  be ing  designed I w i t h  strength margin n can be 
found from t h e  formula:  

('bend ) =  u 
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We s h a l l  c o n s i d e r  that  t h e  uncompenspted - r s i d u a l  bending s t ress  
f r a c t i o n  i n  t h e  blade be ing  des igned  I i s  t k ?  same as  I n  t h e  b lade  I1 
s e l e c t e d  f o r  s c a l i n g .  I n  s o  doing,  we assume t h a t  t h e  r e l a t i v e  c i r -  
c u m f e r e n t i a l  f o r c e  v a r i a t i o n  a t  t h e  nleximal tiii*bIr;P rotor r c t a t i o n a l  
speed i s  t h e  same f o r  bo th  blades. Then t h e  t e n d i n g  s t r e s s e s  from 
t h e  a c t i o n  of  t h e  gas f a r c e s  i n  t n e  b l a d e  r o o t  s e c t i o n  of  t h e  t u r -  
bZne be ing  des igned  w i l l  5e : 

It i s  w e l l  known tha t  t h e  bending stress i n  t h e  r q t o r  b l ade  r o o t  
s e c t i o n  i s  d i r e c t l y  p r o p o r t i o n z l  t o  t h e  c i r c u m f e r e n t i a l  f o r c e  ao, t ing 
on the  b l ade  (P,) and t h e  b lade  l e n g t h  ( h b ) ,  and i s  i n v e r s e l y  p ro -  

p o r t i o n a l  t o  t h e  r o o t  s z c t i o n  p r o f i l e  s e c t f o n  modulus w ,  r e l a t i v e  t o  
t h e  a x i s  of  minimal moment o f  i n e r t i a ,  i . E - . ,  

I n  t u r n ,  

i ,  

i 

i 

, *  

i 

i 

where M - t o rque  on t h e  stage shcift ;  
z - number of b l ades ;  
G - gas f l o w r a t e  through t h e  tur ;J ine;  
n - r o t o r  rotat iona.’  speed, and u3bU L a p .  b e  t a K e n  a t  an:’ 

radic ., , s i n c e  L U = ~ A c U - - f ( r )  =const . Then, subst l tuLii1g t ! , e : ~  e q u a l i t i e s  
i n t o  (3.12), with  account  f o r  t h e  fat::, ‘hat 
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where a - hub r a t i o ,  af ter  t r ans fo rma t ion ,  we o b t a i n :  

(3.13 

We can c o n s i d e r  t h a t  t h e  p r o f i l e  s e c t i o n  modulus W is p r o p o r t i o n a l  
t o  t h e  chord l e n g t h  and the ;quare o f  the  p r o f i l e  maximal thickr.ess 
Cmax. Lince the p r o f i l e  width b and chord s are p r a c t i c a l l y  e q u a l  
f o r  the rotor blade r o o t  s e c t i o n ,  we 
can write: 

The r o t o r  r o o t  s e c t f o n  i n t e r -  
blade ci-znnels are  n e a r l y  a c t i v e  an2 are 
made w i t h  p r a c t i c a l l y  con-.tant width.  

Sack a chanpel ,  c h a r a c t e r i s t i c  f o r  a i r -  
craft engine gas t u r b i n e s ,  i s  shown Figure  3.10. I n t e r b l a d e  

channel  a t  r o t o r  cazeade 
i n  F igure  3.10. Therefore  we can wri te :  r o o t  st :on 

c,=;t--a=t(l-sin R). 

Then, 

S u b s t i t u t i n g  t h i s  expres s ion  i n t o  ( 3 . 1 ? ) ,  and c o n s i d e r i n g  t h a t :  

I 
i 

a f t e r  t ransfornnt io i . ,  we o b t a i n :  
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o r :  

The gas f low rate i s  t a k e n  as the  mean va lue  between t h e  maximal  
(at the maxlmsl d e s i g n  r o t o r  speed) and the  m i c i m a l .  

is found c s i n g  (2 .25)  from t h e  assumed l o a d i n g  c o e f f i c i e n t  MiI  3t 

the r o o t  and t h e  gas v e l o c i t y  c 2  a t  t h e  t u r b i n e  e x i t ,  known from t h e  

are s i m l  - pre l imina ry  c a l c u l a t i o n .  

The s n g l e  6, 

If the  va lues  of the a n g l e s  B2 

(1 - s i n  8231~, 
lar f o r  bo th  cascades ,  t h e n  dbvious iy  the r a t i o  - sin B2u)I  I, 1. 

The s ta tor  cascade w i d t h  i s  a l s o  determined by s c a l i n g  e x l s t i n g  
c r  completely designed vanes whose geometr ic  c h a r a c t e r i s t i c s  and cal-  
c u l a t e d  pwformance are  known. The s c a i i n g  technique  i s  analogous 
t o  t h a t  d e s c r i b e d  above. When de te rmin ing  the  f o r c e s  P,=G(Ac,,/z) and 
P==G(Ae&)+Apfh a c t i a g  on t h e  blade i n  t h e  c i r c u m f e r e n t i a l  and axial  
d i r e c t i o n s ,  w e  must s u b s t i t u t e  i n t o  t h e  computat Lonal formula t he  
maximal va lue  of  t h e  gas flow rate  G a t  which t h e  tL, 'b i , ie  w ; ' -  

o p e r a t z .  T h i s  o p e r a t i n g  regime w l l l  cor respond t o  t h e  maximal va lue  
o f  t h e  p r e s s u r e  d i f f e r e n c e  Ap a c r o s s  t h e  s t a t o r  cascade. 

The maximal p r o f l l e  t h i c k n e s s  o f  t h e  s t a t o r  vanes,  even i f  t h e y  

are c a n t i l e v e r e d ,  i s  no t  l i m i t e d  by the i n t e r v a n e  channel  shape .  @n 
the  basis of s e c t i o n  s - r e n g t h  c a n s i d c r a t i o n s ,  the r e l a t i v e  p r c f i l e  
ti1icknes.s of  c a n t i l e v e r e d  vane:: of e x i s t i r l g  t u r b i n e s  va r ioa  i n  t h e  

range 0 . 1  - 0.06. 

i 
i 
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The s t a t o r  vage p r o f i l e  width d i f fe rs  markedly  from t h e  chord ,  
whose magnitude i s  found by s c a l i n g .  The r a t i o  of  t h e  p r o f i l e  w i d t h  

t o  i t s  chord i s  determirizd by t h e  r e l a t i o n  s / b = ( l , a - I l , l ) t g a : .  I n  t he  
range  of v a r i a t i o n  al-15°-4ff', t h i s  r e l a t i o n  i s  coni i rmed t o  w i t h i n  
t - 3$ by a l a r g e  n m b e r  o f  s t a t o r  vane p r o f i l e s  o f  e x i s t i n g  t u r b i n e s .  

The stat-jr vanes,  wh-'ih are s u b j e 2 t e d  only t o  t h e  a c t i o n  of  
bending s t r e s s - s ,  permit  comparat ively f r e e  cho ice  o f  t h e i r  w i d t h .  

T h i s  y i e l d s  some p o s s i b i l i t y  of  s e l e c t i n g  t h e  most f a v o r a b l e  w i d t h  

from the  viewpoint o f  hydraul'Lc l o s s e s  i n  t h e  cascade.  

/6ti Other  c o n d i t i o n s  be ing  t h e  sa-.e, t he  secondary l o s s e s  i n  '.he - 
cascade  are i n v e r s e l y  proportio:-.al t o  t he  r a t i o  o f  b lade  l e n ~  + O  
i n t e r v a n e  c h a n n d  t h r o a t  width = h b i a  

It i s  \re11 known t h a t  i f  t h e  vane l e n g t h  r eaches  50 mm, f u r ' u h e r  
i n c r e a s e  of t he  l e n g t h  does no t  i n  i tself  l e a d  t o  marked r e d u c t i o n  of 
the l o s s e s .  For  such  vanes,  we must make c e r t a i n  tha t  t h e  r a t i o  hb/a 

i s  s u f f i c i e n t  l a r g e .  For  a s e l e c t e d  vace lengt?!? t h i s  can  b e  achieve6  
by i n c r e a s i n g  t h e  number o f  vanes whi le  main ta in i . :  t he  opt imal  
r a t i o  b / t .  

When s e l e c t h g  t h e  t u r b i n e  s t a t o r  p r o f i l e  cascade  s o l i d i t y ,  it 
i s  no t  s u f f i c i e n t  t o  s a t i s f y  only t h e  requirement  f o r  e n s u r i n g  i t s  
o p t i m s l i t y  from the viewpoint of t h e  p r o f i l e  l o s s e s ,  s i n c e  expe r i -  
ments show t h a t  beginning  w i t h  blfg1,!25-l~!j  , f u r t h e r  r e d u c t i o n  of  t h e  
s o l i d i t y  t o  b/f-Q9-1.0 (depending on t h e  flow t u r n i n g  a n g l e  i n  t h e  
cascade)  docs no t  lead t o  s i g n i f i c a n t  change of t h e  p r o f i l e  l o s s  
l e v e l .  Consequently,  t h e  l o s s  dependence on cascade  s o l i d i t y  near 
t h e  optimum po in t  i s  f l a t  ( t he  optfrnum e s s e n t i a l l y  ex tends  ove r  a 
q u i t e  broad s o l i d i t y  Yapge); th , " re fore ,  f o r  more r a t i o n a l  s e l e c t i o n  
o f  . ' le  s j -  ' t t y  i n  a s t o g e  belng  des igned ,  w e  m u s t  c o n s i d e r  t h e  p a m -  
meters  n _ o ~ . . e ~ t i ~ . g  t h e  spac ing  w i t h  t h e  profile ar.d i n t e r v a n e  chanre l  
geomztr ic  c h a r a c t e r i s t i c s  and t he i r  m u t u a l  i n f l  xence on t h e  iosse; .  



! 

It 
c i t i e s )  

If 

I 
I i 

is  w e l l  known t h a t  t h e  p r o f i l e  l o s s e s  ( a t  subsonic  velo-  
are made ilg o f  the f r i c t i o n  l o s s e s  and t h e  edge l o s s e s :  

wi th  low s o l i d i t y  i c  i s  p o s s i b l e  t o  ma in ta in  t h e  p r o f i l e  
back s u r f a c e  c u r v a t u r e  d i s t r i b u t i o n  i n  l i m i t s  such  t h a t  i t  does n o t  
lead t o  marked i n c r e a s e  o f  t h e  f r i c t i o n  l o s s e s ,  t h e n  t h e  p rc f i l e  loss 
v a r i a t i c n  w i l l  be a s s o c i a t e d  w i t h  v a r i a t i o n  of  t h e  edge l o s s  c o n t r i -  
bu t ion .  It should  be  no ted  t2at w i t h  r e d u c t i o n  o f  t h e  s o l i d i t y ,  i n  
s p i t e  of  t h e  reduced i n t e r v a n e  channel  "SlccKage", c h a r a c t e r i z e d  by t h e  

the  r a t i o  of  t h e  p r o f i l e  t r a i l i n g  edge t h i c k e n e s s  t o  t h e  i n t e r v a n e  
channel  t h r o a t  dimension d2/a, t h e  a b s o l u t e  edge l o s s e s  may i n c r e a s e  

because o f  the  i n c r e a s e  o f  t h e  d i f f e r e n c e  between the  v e l o c i t i e s  on 
t h e  convex 2nd concave sides af t h e  p r o f i l e  and t h e  irxreased k i n e t i c  
energy l o s s e s  i n  mixing o f  stzeams w i t h  d i f f e r e n t  v e l o c i t l s s .  There- 
f o r e ,  i t  i s  obvioue t h a t  even i n  t h e  case of  "zero" t r a i l i n g  edge 
th i ckness ,  the  ed ,e  l o s s e s  w i l l  no t  b e  equa l  t o  ze ro .  However, w i t h  

r e d u c t i o n  of t h e  cascade  s o l i d i t y ,  the edge losses w i l l  decrease 
t o  va lues  of  dZla=@B. 

S p e c i a i l y  conducted experimer.ts have Thown t h a t  beginning  w i t h  

dJa<Q%, f u r t i l e r  i n c r e a s e  of t h e  spac ing  does no t  lead t o  r e d u c t i o n  
of  the  p r o f i l e  l o s s e s ;  bu t  i n  t h e  c a s e  of  c o n s i d e r z b l e  i n t e r v a n e  
channel  "blon,kage" (dda>O.lS), r e d u c t i o n  of  t h e  s o l i d i t y  maKes i t  pos- 
s i b l e  t o  reduce the cascade l o s s e s .  T h i s  i s  p z r t i c u l a r l y  s i g n i f i c a n t  
f o r  high-temperature-engine gas t u r b i n e s ,  whcse f a b r i c a t i o p  t ech -  

nology o f t e n  does not  pc-.mit p roduc t ion  of t h i n  vane + t n g  edges.  

V a r i a t i c n  of t h e  cascade s o l i d i t y  a l so  leads , a t i o n  of 
t h e  i n t e r v a n e  channel  r e l a t i v e  ne igh  hb /a .  I n  tl.*s c a s e ,  t h e  sec-  
ondary l o s s  c o n t r i b u t i o n  a a r i e e  d i r e c t l y  as t h e  va lue  of  hb /a  on ly  
i n  a d z f i n i t e  r snge  of  v a r i a t i o n  of  t h e  l a t t e r .  Bealnning w i t h  some 

valur-s of hb/.3,  t ,hese l o s s e s  i n c r e a s e  s iqn i f icpr1 , ly .  
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F i g u r e  3.11 shows the  magni- 
t ude  o f  t h e  secondary l o s s e s  {set 

and a l s o  the c o n t r i b G t i o n  o f  such  
l o s s e s  t o  t he  o v z r a l l  l o s s e s  

6 s e c  - 6 s e c  c 
r e l a t i v e  channel  he ight ,  p l o t t e d  
from t h e  test r e s u l t s  o f  1 5  d i f -  

f e r e n t  s t a t o r  cascades  d i f f e r i n g  
i n  e x i t  a n g l e  u(=9-35",, f low 
t u r n i n g  a n g l e  e-65-1100, and 

/6  as a f u n c t i o n  o f  - 

SOl id i . t y  b/t=lS-&6 

Analogous r e l a t i o n s c s e c ( h )  

are p l o t t e d  f o r  t he  r o t o r  blades 

(F igu re  3.12). These r e l a t i o n s  can 
be used when it is necessary  t o  
u t i l i z e  b lades  w i t h  t i p  shrollds.  
The va lues  o f  Esec w i l l  be larger  

wi thout  t h e  shrouds .  

We see from examinat ion o f  
these r e l a t i o n  6 -  ( h )  t h a t  t h e  mag- ,ec 
n f t u d e  of  tLe sscondary losses is  
determined by t h e  cascade geometr ic  
and o p e r a t i n g  regime parameters .  
This  dependence can b e  found from 
t h e  e x p r e s s i o n  ob ta ined  on the 
basis o f  t h e  exps r imen ta l  data 
p r e s e n t e d :  

%e 

F i g u r e  3.11. Secondary l o s s e s  
i n  s t a t o r  cascade  ve r sus  rela- 

t i v e  i n t e r v a n e  channel  h e i g h t  

F igu re  3.12. Seccndary 
l o s s e s  in r o t o r  cascade  ver -  
s u s  r e l a t i v e  i n t e r b l a d e  chan- 

ne  1 helgri t 

I 

'I 
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Here, 

5, a csec  + Spr; 
I 2 

A = 1 . 0  - 1.2  and B = 0.4 - 0.5 are c o n s t a n t  c o e f f i c i e n t s .  The 
l a r g e r  va lues  o f  A and the smaller va lues  3f B cor respond,  respec-  

* _  t i v e l y ,  t o  cascades  wi th  small p r o f i l e  l o s s e s  (5 = 0.02 - 0.03)  and, 
P r  ? 

converse ly ,  t h e  smaller va lues  M - - A  and t h e  l a r g e r  va lues  o f  B a p p l y  r 
3 

f 
3 

t o  cascades  wi th  r e l a t i v e l y  large p r o f i l e  losses. 

For most p r o f i l e  cascades of  e x i s t i n g  t u r b i n e s  ( o r  t h o s e  used i n  % 

a i r c r a f t  t u r b i n e s ) ,  the  c o e f f i c i e n t s  A = 1.0 - 1.1 and B = 0.5. 

Reduct ion of t h e  s t a t o r  cascade  s o l i d i t y  leads t o  r e d u c t i o n  of  
t h e  secondary losses from f low nonuniformity a t  t h e  r o t o r  cascades  
e n t r a n c e  caused by t he  s t a t o r  t r a i l i n g  wakes. 

4 
The p e r i o d i c  v a r i a t i o n  o f  t h e  f low parameters a t  t h e  cascade  

e n t r a n c e  i s  c h a r a c t e r i z e d  by t h e  S t r o u h a l  number Sh=wUw, where v 

i s  t h e  frequency o f  t h e  f low parameter  v a r i a t i o n  ahead o f  t h e  cas-  
cade, L i s  t h e  c h a r a c t e r i s t i c  l e n g t h ,  w i s  t h e  gas v e l o c i t y .  

For nunber of  s t a t o r  vanes z and shaf t  speed n i n  r p s ,  t h e  gas 
parameters  ahead of t h e  cascade vary wi th  t h e  f requency v - zn Hz. 

! K  

If  w e  t ake  as the  c h a r a c t e r i s t i c  l e n g t h  t h e  s t a t o r  vane t r a i l -  
inr: edge t h i c k n e s s  d2 ,  and as t h e  c h a r a c t e r i s t i c  r e l o c i t y  t h e  gas 
v e l o c i t y  a t  t h e  s t a t o r  e x i t  c l ,  t h e  S t r o u h a l  c r i t e r i o n  reduces  t o  
the  form: 

Experiments conducted on ;i t u r b i n e  s t a g e  w i t h  D,/hb = 3.3 ,  

a1 = 31°, and d2  = 0.6  mm showed t h a t  r e d u c t i o n  of  t h e  S t r o u h a l  num- 

b e r  leads t o  inc reased  t u r b i n e  e f f i c i e n c y .  Thus, w i t h  t h e  r e d u c t i o n  
o f  Sh by 2 0 9 ,  t h e  t u r b i n e  e f f i c i e n c y  i n c r e a s e s  by about  1% f c r  
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re lat ive axial  c l e a r a n c e  x=A/sina,=50. With r e l a t i v e  a x i a l  c l e a r a n c e  
approximately h a l f  a g a i n  as large, t h e  t u r b i n e  e f f i c i e n c y  g a i n  from 
r e d u c t i o n  of Sh kJy t h i s  same 20% amoun t s to  only ( 0 . 2  - 0 . 3 )  X ,  but  
i n  t h i s  c a s e  t h e  a b s o l u t e  va lue  of  rl? d e c r e a s e s  by about  1%. 

Thus, cascade  s o l i d i t y  s e l e c t i o n  must b e  made no t  on ly  on t h e  
basis of  e n s u r i n g  mtnimal p r o f i l e  l o s s e s ,  b u t  a l s o  w i t h  account  f o r  
t h e  i n f l u e n c e  on t h e  s t a g e  l o s s e s  o f  o t h e r  f a c t o r s  - f o r  example ,  
r e l a t i v e  i n t e r v a n e  channel  h e i g h t  g, mer id iona l  p r o f i l e  form, re la-  
t i v e  channel  blockage d2/a ,  and the  magnitude o f  t h e  a n g l e  al. 

3.5. Axia l  Clearance  Eetween Blade Rows 

When s e l e c t i n g  t h e  t u r b i n e  f low p a t h  c o n f i g u r a t i o n ,  t h e  magni- 
ide of  the  a x i a l  c l e a r a n c e  between t h e  s t a t o r  vane and r o t o r  blade 

i-ows and t h e  vane and blade cascade  w i d t h s  can be s e l e c t e d  only  
ipproximate ly .  The f i n a l  magnitude o f  t h e  c l e a r a n c e  i s  determined 
i n  t h e  working des ign  p rocess ,  when t h e  r o t o r  and s t a t o r  loca t ior . s ,  
r o t o r  and s t a t o r  t empera tu res ,  and t h e  r e l a t i v e  displacement  of t h e  

r o t o r  and s t a t o r  i n  both  t h e  des ign  and t r a n s i e n t  t u r b i n e  o p e r a t i n g  
regimes are known. 

There are d i f f e r i n g  and o f t e n  c o n t r a d i c t o r y  v iewpoin ts  on t h e  

q u e s t i o n  of s e l e c t i n g  t h e  magnitude o f  t h e  axial  c l e a r a n c e  between 
t h e  t u r b i n e  s t a t o r  vanes and r o t o r  b l ades .  Many of these views have 
been publ i shed  i n  t h e  l i t e r a t u r e  and i l i u s t r a t e d  by cor responding  
exper imenta l  d a t a .  F o r  example, experiments  have been r e p o r t e d  from 
which t h e  conc lus ion  i s  drawn t h a t  t h e r e  i s  a s o - c a l l e d  opt imal  
a x i a l  c l e a r a n c e ,  cor responding  t o  maximal  s t a g e  e f f i c i e n c y .  It i s  
concluded from o t h e r  experiments  t h a t  v a r i a t i o n  o f  t h e  a x i a l  c l e a r -  
ance i n  q u i t e  wide l i m i t s  - + 2045 from t h e  i n i t i a l  va lue  does not  
i iuence  t h e  t u r b i n e  e f f i c i e n c y .  

f 

There i s  a lso t h e  v iewpoin t ,  which has exper imenta l  confirma- 
. I  :.mt i n c r e a s e  o f  t h e  a x i a l  c l e a r a n c e  b e t r e e n  t h e  s ta t3r  vaces  
c ,  ' ' ~ 7 .  b lades  from p r a c t i c a l l y  ze ro  t o  same small magnitude, 

I 



I 

i 
4 

s a y  5 - 6 mm, does  n o t  change t h e  t u r b i n e  stage e f f i c i e n c y ,  while  

f o r  a large c l e a r a n c e ,  t h e  e f f i c i e n c y  d e c r e a s e s  and t h e n  remains 
c o n s t a n t  up t o  a c l e a r a n c e  equa l  t o  80 mm. 
per iments  made of f u l l - s c a l e  gas t u r b i n e  eng ine  t u r b i n e s  which i n d i -  
c a t e  t h a t  i n c r e a s e  of t he  a x i a l  c l e a r a n c e  between the  s t a t o r  and t h e  
r o t o r  i n e v i t a b l y  leads t o  r e d u c t i o n  o f  t he  t u r b i n e  effic:ency t o  a 

F i n z l l y ,  there  are ex- 

degree  p r o p o r t i o n a l  t o  t h e  c l e a r a n c e .  

Th i s  s i t u a t i o n  i s  exp la ined  b a s i c a l l y  by t h e  f a c t  t h a t  t h e  
4 v a r i o u s  s t u d i e s  were made under q u i t e  d i f f e r e n t  c o n d i t i o n s  and on 2 

t u r b i n e s  o f  C i f f e r e n t  c o n s t r u c t i o n :  
t 
? 

a )  i n  some t u r b i n e s ,  l a b y r i n t h  s e a l i n g  o f  t h e  a x i a l  c l e a r a n c e  m i  
3 between the  s t a t o r  r i n g  and t h e  t u r b i n e  d i s k  r i m  was n o t  provided;  

b )  i n  o t h e r  t u r b i n e s ,  s e a l i n g  o f  t h e  a x i a l  c l e a r a n c e  was d i s -  

r u p t e d  as t h e  c l e a r a n c e  v a r i e d ,  and beginning  w i t h  some v a l u e  o f  
t h e  c l e a r a n c e  there was no s e a l i n g ;  

c )  i n  c e r t a i n  c a s e s ,  a s p a c e r  was i n s t a l l e d  between the  t u r b i n e  
s t a t o r  and d i s k  as the  c l e a r a n c e  was i n c r e a s e d ;  

d )  i n  some c a s e s ,  there  was no s o - c a l l e d  "overlap" between 
t h e  s t a t o r  and i lotor  (see s e c t i o n  3 . 6 ) ;  

e )  some o f  t h e  t u r j i n e s  had blades w i t h  shrouds a t  t h e  Eeri- 
phery ;  some had b l a d e s  wi thout  shrouding;  

f )  n e a r l y  a- t h e  t u r b i n e s  d i f f e r e d  s i g n i f i c a n t l y  i n  dimensions 
and i n  magnitude o f  t h e  r e l a t i v e  rad ia l  c l e a r a n c e  between t h e  r o t o r  
bla('; and t h e  t u r b i n e  c a s e .  

Fron t h e  r e s u l t s  G f  t h o s e  t es t s  which were c3nducted 3n s p e c l -  
a l l y  des igned  c o n f i g u r a t i o n s  and under a c t u a l  t u r b i n e  o p e r a t i i g  con- 
d i t i o n s ,  we can d e f i i i l t e l y  conclude t h y t  i f  t h e r e  i s  r e l i a b l e  s e a l i n g  
between t h e  s t a t o r  and r o t o r ,  and i f  t h e r e  i s  s u i t a b l ,  ove r l app ing ,  
t h e  h y d r a u l i c  l o s s e s  are  smaller, t h e  saaller t h e  c l e a r a n c e .  T h i s  I s  

? 
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unders tandable ,  s i n c e  t h e  h y d r a u l i c  l o s s e s  caused by nonuniform. t o t a l  
p r e s s u r e  and v e l o c i t y  f i e l d s  such  as t h o s e  e x i s t i n g  a t  t h e  s t a t o r  
e x i t  w i l l  be smaller f o r  converging f low,  i . e . ,  when t h i s  f low e n t e r s  
converg ine  i n t e r b l a d e  r o t o r  channels ,  t h a n  i n  t h e  c a s e  of  flow i n t o  
a c y l i n d r i c a l  o r  d i v e r g i n g  a n n u l a r  channel .  

r 
Moreover, t h e  smaller t h e  ax ia l  c l e a r a n c e ,  t h e  smaller w i l l  be 

t h e  l o s s e s  i n  f r i c t i o n  between the  s w i r l i n g  gas f low t r a v e l i n g  i n  
t h e  a x i a l  c l e a r a n c e  and t h e  s u r f a c e  bcunding t h e  c l e a r a n c e .  There- 
f o r e ,  wher des ign ing  t h e  t u r b i n e ,  we must reduce  t h e  a x i a l  c l e a r a n c e  
between t h e  s t a t o r .  vane row and t h e  r o t o r  blade row t o  t h e  degree 
pe rmi t t ed  by t h e  des ign  c o n f i g u r a t i o n  and t h e  n e c e s s i t y  f o r  e n s u r i n g  
r e l i a b i l i t y  una r- a c t u a l  t u r b i n e  o p e r a t i n g  c o n d i t i o n s .  I n  a i r c r a f t  
eng ine  t u r b i n e s ,  t h i s  cor responds  t o  a magnitude of t he  a x i a l  c l e a r -  
ance between t h ?  vane and blade rows e q u a l  t o  about  20% o f  t h e  rotor 
blade chord wid th .  These c l e a r a n c e  magr.itudes are la rger  than  t h o s e  
d i s t a n c e s  between t h e  vane and b lade  cascades  a t  which t he i r  mutual 
i n f l u e n c e  on t h e  f low i n  t h e  o b l i q u e  e x i t  r e g i o n  i s  de tec ted .  

Sometimes i t  i s  necessa ry  t o  i n c r e a s e  t h e  i n t e r b l a d e  a x i a l  
c l e a r a n c e  d u r i n g  t u r b i n e  development, o r  even d u r i n g  o p e r a t i o n ,  from 
c o n s i d e r a t i o n s  o f  r o t o r  b l a d e  dynamic s t r e n g t h .  T h i s  occurs  i n  t h a s e  
c a s e s  qhen tnere i s  no way t o  a.void r e sonan t  blaee v i b r a t i o n s ,  an5  
i t  i s  r-ecessary t o  reduce  t h e  i n t e n s i t y  of t n e s e  v i b r a t i o n s .  It  I s  

liearly imposs ib l e  t o  pred ic t  s u c h  c a s e s  i n  advance. However, when 
des ign ing  t h e  t u r b i n e ,  i t  i s  necessary  t g  use  a n  a x i a l  c l e a r s n c e  
seal  des ign  and e s t a b l i s h  t h e  vane and b l ade  row o v e r l z p  s o  th”lat, I f  

necessary ,  i t  w i l l  b e  p o s s i b l e  t o  i n c r e a s e  tne c l e a r a n c e  Zomewnat i n  
t h e  already c o n s t r u c t e d  t u r b i n e  wi thout  s i g n i f i c a n t  r e d u c t i o n  of  

; 

t h e  t u r b i n e  e f f i c i e n c y .  j 

3.6. Overlap aetween Vane and alade R o w s  

I n  t h e  a x i a l  c l e a r a n c e  betweer; t h e  s t a t o r  and t h e  r o t o r ,  t h e  /7L 
flow boundaries  n e a r  t h e  r o o t  a n d  pe r iphe ry  o f  t h 2  b l ades  become 
somewhat d i f f u s e .  To ensure  t h a t  t h e  flow s t r ikes  the  r o t o r  b l a d e s  

I 
i 
i . Y  

and t o  minimize t h e  leakage  f i o w  through t h e  r a d i a l  c l e a r a n c e  between 

a 4  
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t h e  blades and the  case, t h e  l e n g t h  G C  t h e  r o t o r  blade l e a d i n g  edge 
should  be somewhat greater t h a n  t h e l e n g t h  of the  s t a t o r  vane trail- 
i n g  edge. Th i s  d i f f e r e n c e  i n  t he  l e n g t h s  i s  ca l led  t h e  o v e r l a p .  

Overlap is  necessa ry  i n  crder  t h 2 t  t h e  gas stream t r a v e l i n g  
from one blade caszade  t o  t he  o t h e r  n o t  encounter  o b s t a c l e s  a long  
i t s  pa th ,  and a l s o  i n  order t h a t  t h i s  f low nc: lezk 
through the radial c l e a r a n c e ,  
bypass ing  the r o t o r  blade.  

This  s i t u a t i o n  can  arise be- 

cause  o f  d e v i a t i c n  i n  manu- 
f a c t u r i n g  the  b l ades ,  
s t a t o r s ,  and d i s k s ,  non- 
c o a x i a l i t y  of t h e  r o t o r  and 
s t a t o r ,  a s sembly  i n a c c u r a c i e s ,  
and s o  on. We d i f f e r e n t i a t e  
lower ove r lhp  b1 - t he  d r y -  

f e r e n c e  betwzen t h e  s t a t o r  
vane cascade  e x i t  i n n e r  ;-adius and +,he r o t o r  blade cascade  entrar ice  
i n n e r  r a d i u s ,  and upper  o v e r i a p  6 p  - t h e  d i f f e r e n c e  between t h e  

r o t o r  b l a d e  cascade enti-ance o u t e r  r a d i u s  and t h e  s t a t o r  vane cascade  
e x i t  o u t e r  r a d i u s  (F igu re  3.13).  

F igu re  3.13. Forms o f  o v e r l a p  

The h y d r a u l i c  l o s s e s  which can occur  i n  t h e  t u r b i n e  i n  t h e  ab-  

sence  o f  o v e r l a p  are n o t  only a s s o c i a t e d  w i t h  t h e  f a c t  t h a t  some pa r t  
of t h e  f low a t  t h e  s t r eam boundar ies  l o ses  i t s  k i n e t i c  5nergy as It 
encounters  an o b s t a c l e  and doee not  p a r t i c i p a t e  i n  c r e a t i n g  work. 
Tne primary problem l i e s  i n  t h e  f a c t  t h p t  a d i s t u r b a n c e  i s  c r e a t e d  
which ex tends  I n t o  t h e  primary f low and may cause  s i g n i f i c a n t  l o s s e s  
i n  t h e  l a t t e r .  The presence  of  o v e r l a p  p reven t s  t h e  appearance o f  
t h e s e  l o s s e s  n o t  on ly  i n  t h e  des ign  t u r b i n e  o p e r a t i n g  regime, b u t  

a l s o  i n  t h e  t r a n s i e , i t  regimes, when, because cf t h e  d i f f e r e n t  tem- 
p e r a t u r e s  of  t h e  s t a t o r  vane and r o t o r  b l a d e  rows, t h e i r  r a d i a l  
dimensions ??y d i f f e r e n t l y .  The upper o v e r l a p  h e l p s  reduce t h e  
l o s s e s  a s s o c i a t e d  w i t h  presence  of  the r ad ia l  c learance  i n  unshrouded 
r o t o r  blade and i n  the  shrouded b l ades  compensates f o r  f low s e c t i o n  

85 



I 

blockage by t he  f i l l e t s  a t  t h e  p o i n t s  o f  t r a n s i -  
t i o n  from the  blade f o i l  t o  t h e  shroud 
(F igu re  3.14).  

L 

J 

F i g u r e s  3.15 and 3.16 show t u r b i n e  e f f i -  
c iency  nT as a f u n c t i o n  o f  r ad ia l  c l e a r a n c e  6 

f o r  v a r i o u s  va lues  o f  t h e  upper  o v e r l a p  h2 and 

d i f f e r e n t  o v e r l a p  c o n f i g u r a t i o n s .  These cu rves  
were ob ta ined  i n  t es t s  of  three t u r b i n e  stage 
models [13J.  

We s e e  from F igure  3.16 t h a t  t h e  i n f l u e n c e  
o f  o v e r l a p  on stage e f f i c i e n c y  i s  less,  t h e  
bette, t he  radial  s e a l i n g  i n  t h e  s tage.  

F i g u r e  3.14. 
S e c t i o n  of  l n t e r -  
b l a d e  channel  

a long  h e i g h t  

? 

i 

Figure  3.16. E f f i c i e n c y  o f  a c t i v e  
t u r b i n e  stage ' e r s u s  o v e r l a p  d2 6 2 3 4 8,mm 

F igu re  3.15. Tdrbine e f f i c i e n c y  (from Bryansk ' n s t i t u t e  of Trans- 
ve r sus  radial  c l e a r a n c e  f o r  d i f -  p o r t a t i o n  M a c h i x r y  expe r imen t s ) :  

e - w i t h  r a d i a l  seal ;  x - w l t h -  f e r e n t  o v e r l a p  c o n f i g u r a t i o n s  
o u t  r ad ia l  s e a l  

1 
i 

The magnitude of  t h e  upper and lower ove r l ap?  may be d i f f e r e n t ,  
and i n  each  s p e c i f i c  cBse i s  s e l e c t e d  as  a f u n c t i o n  o f  t h e  a x i a l  
c l e a r a n c e  A and the  flow a n g l e  a l e a v i n g  t h e  s t a t o r  ( s i n c e  t h e ' d i s -  
t ance  which f h e  gas  flow t , rzve ls  i n  t h e  a x i a l  c l e a r a n c e  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  magnitude of  t h e  c l e a r a n c e  and 1. _rse ly  pro-  
p o r t i o n a l  t o  s i n  a l ) ,  t h e  magrritude of  t h e  r a d i a l  Clearance  6 ,  t k '  

magnitude of t h e  thermal dzfm-matlorlL of  t h e  r o t o r  and st,.tor In t h e  
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d i f f e r e n t  o p e r a t i n g  regimes,  t he  b lade  l e n g t h ,  t h e  t u r b i n e  d i a m e t r i c a l  
dimensions,  and t h e  manufactur ing accuracy adccFted. 

For example, i n  t u r b i n e s  w i t h  c y l l n d r l c a l  f low p a t h  con tour ,  
unshrouded r o t o r  blades o f  l e n g t h  100  - 120  mm, DnJ&b-Cd,e-W--w, 

rad ia l  c l ea rance  0 . 6  -- 0 . 8  mm ( a t  the des ign  o p e r a t i n g  r eg ime) ,  and 
a x i a l  c l e a r a n c e  between the  s t a t o ?  vanes and r o t o r  blades at t h e  mean 
t u r b i n e  r a d i u s  i n  t h e  range of  6 - 8 mi, t h e  upper  o v e r l a p  should  be 

from 1 t o  1 .5  mm. I f  t he  radial c l e a r a n c e  i s  i w g e r  and r e a c h e s ,  s a y ,  
1 . 5  mm (because of d i f f e r e n t  thermal expans ions  o f  t he  s t a t o r  and r o t o r  

i n  t h e  t r a n s i e n t  regimes), the upper  overlap dimension shou ld  be i n -  
creased t o  2 &. 
upper ove r l ap ,  and i n  t h e  c i t e d  example should  be  i n  t h e  2.5 - 3 mm 
range .  This  i s  exp la ined ,  on t h e  one hand, by t h e  cons ide rab ly  
h i g h e r  gas d i s c h a r g e  v e l o c i t y  from t h e  s t a t o r  and t h e l a r g e r d i s t a n c e  
which t h e  gas t r a v e l s  i n  t h e  a x i a l  c l e a r a n c e  (smaller a n g l e  a l )  than  

a t  t h e  o u t e r  diameter and t h e  r e s u l t i n g  :lore i n t e n s e  d i f f u s i o n  of  t h e  
f l aw  boundary n e a r  t h e  b lade  r o o t  s e c t i o n  i n  comparison w i t h  th;e 

per iphera l  s e c t i o n ,  and, on t h e  o t h e r  hand, bq t h e  p re sence  ( u s u a i l y )  
of  an  e x t e n s i v e  r e g i c n  o f  t r a n s i t i o n  from t h e  blade f o i l  t a  t h e  lower 
shroud,  which t h i c k e n s  the  r o t o r  b l ade  l e a d i n g  edge and t e n d s  t o  
b lock  t h e  e n t r a n c e  t o  t h e  i r , t e r b l a d e  channel  (see F igure  3 .14) .  

The ' lower  o v e r l a p ' i s  always made larger t h a n  t h e  

Upper and lower ove r l app ing  should b e  prqvided no t  only i n  t h e  

r o t o r  b l a d e  rows, b u t  a i s o  i n  t h e  s t a t o r  vanes of  t h e  fo l loK'ng  
s t a g e s .  I n  t h i s  c a s e ,  we Feed not  worry about  t h e  appeararIce o f  
secondary l o s s e s  from sudden expans ion  o f  t h e  flow l e a v i n g  t h e  cas-  
cade,  s i n c e  t h e  downstream s t a t o r  p r o f i l e  :&sca i s  convergent ,  

i 
i 

t h u s  c r e a t i n g  s i g n i f i c a n t  r e s i s t a n c e ,  and tnese l o s s e s  w i l l  be very 
small. Tnerefore ,  we can. p e r m i t  larger over l app ing  a t  t h e  e n t r a n c e  f 
t o  t h e  s t a t o r  cascades  than  a t  t h e  e n t r a n c e  t o  t h e  r o t o r s .  I n  m u l t i -  
s t a g e  t u r b i n e s ,  t h i s  become:: necessary  because of  t h e  f a c t  t h a t ,  
w i t h  minimal i n i t i a l  a x i a l  c l e a r a n c e  between t h s  f i r s t  s t a g e  s t a t o r  
mid r o t o r ,  t h e  c l e a r a n c e  between t h e  r o t o r  and t h e  fo l lowing  s t a t o r  
m u s t  be l a rge r .  If t h i s  i s  not  done, t h e  r o t o r  and t h e  s t k t o r  d i a -  
phragm may come i n t o  c o n t a c t  because of' t h e i r  d i f f e r e n t  thermal  
expansion.  
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Obviously,  i f  t h e  ovnr lapping  i s  made t23 large,  t h e  l o s s e s -  
from sudden expansion and f a i l u r e  of  t h e  f low t o  f i l l  t h e  e n t r a n c e  
segment of  t h e  i n t e r b l a d e  channcsi w i l l  rz?ach a s i - n i f i c a n t  magnitude. 

The ove r l app ing  should  b e  provided as shown b y  t h e  s o l i d  l i n e s  /74 
i n  F igu re  3.13. 
t h e  i n t e r b l a d e  channel  w i l l  not  be f i l l e d  by t h e  gas f low,  and 
l o s s e s  a s s o c i a t e d  w i t h  t h i s  s i t u a t i o n  wf.11 appear .  The r a d i u r  R 
should  f a i r  i n t c  t h e  p l a n e  bounding t h e  b a - 2  o f  t h e  blade row  ahead 
of t h e  p o i n t  of  maximal c u r v a t u r e  on t h e  back c f  t h e  p r o f i l e  i n  t h e  

r o o t  s e c t i o n .  T h i s  i s  p a r t i c u l a r l y  jmpor tan t  f o r  t h e  r a t o r  blades,  

i n  which d i f f u T i v e  f low and a s s o c i a t e d  secondary l o s s e s  may a?Fear 
from t h e  i n t r o d u c t i o n  of ove r l app ing  i n  t h e  c a s e  of l a r g e  f low tdrn- 
i n g  a n g l e  and an  e s s d n t i a l l y  a c t i v e  ( c o n s t a n t  s e c t i o n )  i n t e r b l a d e  
channel .  

If o v e r l a p  i s  provided  as  shown by t h e  dashed l i n e s ,  

3.7. Losses In t roduced  by a Body Located 
AheFLd  o f  ',he S t a t o r  

I n  many gas t u r b i n e  ~ r i t ; i n e s ,  tile s t r u c t u r a l  memoers connect.inT 
t h e  t u r b i n e  c a s e s  and -he Lttsping must be l o c a t e d  ahead o f  t h e  t u r -  
b i n e  s t a t o r ,  and they  ass z i t h e r  be tween  the  combustion chamber 
flarnetubes,  i f  i n c i v i d u a l  t ubes  are  used,  or i n  the  gas stream, i f  

a n  a n n u l a r  chamber i s  used. I n  t h e  l a t t e r  c a s e ,  each  s t r u c t u r a l  
element i s  p r o t e c t e d  a g a i n s t  c o n t a c t  : ; i th t he  ho t  gases  by a s l e e v e  
of  s t reamlhed  shape made from a material capable  c)f w i ths t and ing  
t h e  h igh  tempera tures .  

f 

Thus, i n  t h e  gas strecm ahead of t h e  s t a t o r  i n  t h e  t h e  imme- 
d i a t e  v i c i n i t y  c f  t h e  l a t t e r .  t he re  are  bodies  whlch end t o  block 
t h e  e n t r a n c e  t o  t h e  s ta t9r  cascade  and i n c r e a s e  t h e  h y d r a u l i c  losses 
i n  t h e  t u r b i n e .  

1 
1 

1 
r The J u n c t u r e s  of  tne i n d i v i d u a l  C0Tp.I U S t i O I A  chambers, l o c a t e d  

c l o s e  t o  t h e  s t a t o r  ( f o r  s t r u c t u r a l  r ea sms) .  ?1, 3 i n t r o d u c e  d l s t u r b -  
ance i n t o  t h e  gas stream, and  may reduce  t h e  curb!ne e f f i c i e r i c y .  I n  
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Figure  3.17. P r o f i l e  l o s s  as f u n c t i o n  of barr ier  
shape, s i z e ,  and l u c z t i m  

t h e - e  o,ases, when des ign ing  gas  t u r b i n e  engLnes, we Rust s o l v e  t h e  

problem of r a t i o n a l  p m i t i o n i n g  or' these J u n c t - T e s  o r  f a i r i n g s  i n  
r e l a t r o n  t o  the s t i t o r  cascade  i n t e r v a n e  c, .annel,  and evs l . l a te  t h e  

l o s s e s  in t roduced  by these elcmeptr;. 

F igure  3.17 shows t h e  r e s x l t s  of at-, cxper imenta l  s t u d y  a f  a 
t u r b i n e  s t a t o r  vane p m f i l e  cascade ,  ahead of which movable barriers 
w i t h  r e l a t l v e  t h i c k n e s s  F=s/t==O.l6 ( s e e  F igu re  3.17a) were p o s i t i o n e d  
a long  t h e  e n t i r e  b l ade  l e n g t h ,  s i rnulat i r ig  t h e  combustfon chamber 
j m c t i o n  o r  t h e  f a i r i n g  edge f a c i n g  t h e  s t a to r ,  a1.d t r a n s i t i o n  see- 

ments from the  bar r ie r  t o  t h e  s t a t o r  vane of v a r i o u s  shc,pes ( s e e  

Figure  3.17b an+. c )  were used. 

These t r a n s i t i o n  secments were 3.ster trimmed o f f ,  arld :he cx- 

periments  were r e p e a t e d  r r i t h  t h e  remaining f l a t  tprrier segnen t s ,  
which had  r e l a t i v e  Lhicknoss . r / t  = 3.16 2nd 0 .2 ,  and d i s t s n c e  frm 
t h e  cascade fro:.t equa l  t o  t h r e e  l e a d i n g  edge radl . i  ( 5  m n i ) ,  w h i l e  

i!i t h e  t e s t s  of  b a r r i e T s  w i t h  r e l a t i v e  thickness d.16 and G . 4 5 .  
t h i s  d i s t a n c e  ar,ioun.;ed t o  f o u r  lead..ng edze r 2 d i 1  ( 7  m m ) .  

i 
'1 1 
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The vane p r o f i l e  cascade was a s t a t o r  segment wi th  l e n g t h  e q u a l  

t o  100 m., and s c d d i t y  6 = 1.6.  The b a r r i e r  l o c a t i o n  was v a r i e d  by 

r o t a t i n g  the segment. The t o t a l  l o s e e s  i n  t h e  cascade  were measured 
a t  t h e  mean r a d i u s  a long  the p i t c h  of two ne ighbor ing  i n t e r v a n e  
channels  f o r  A 2 4 7 ,  c a l c u l a t e d  from the  d i f f e r e n c e  between t h e  ' io ta1 
p res su re  .-.head of t h e  cascade and the  s t a t i c  (barometric) p r e s s u r e  
after t; c 2ascade. The t e s t  r e s u l t  r e d u c t i o n  t echn ique  normally 
u::-;\d i n  t e s t i n g  p l ane  p r o f i l e  cascades  i s  p r e s e n t e d  i n  C6, 231. 

It fo l lows  fr;..n t h e  r e s u l t i n g  v a r i a S i o n  of  the re la t ive p r o f i l e  
loss c o e f f i c i e n t  Epr = s,,/E,, 

t he  vane l e a d i n g  edge t h a t  t h e  largest l o s s e s  occur  when t h e  barr ier  
i s  l o c a t e d  a t  t he  midpoint of  t h e  i n t e r v a n e  channel ,  i . e . ,  when the  

e n t i r e  d i s t u r b a n c e  c r e a t e d  by t h e  barrier e n t e r s  t h e  p a r t  of t he  

invervane  channel  l o c a t e d  n e a r  t h e  back of  the  vane or d i r e c t l y  on 
the  back o f  t h e  vane, and as t h i s  d i s t u r b a n c e  p e n e t r a t e s  i n t o  t he  
depth of the  channel ,  it leads t o  t h e  occurrence  o f  flow s e p a r a t i o n .  
T h i s  was confirmed by compsring the  r e s u l t s  o f  t o t a l  head lo s s  meas- 
urements i n  t h e  cascade a long  t h e  p i t c h  of  a vane nea r  the back s ide  
of  wkich the  barr ier  was l o c a t e d .  

w i t h  barrier l o c a t i o n  r e l a t i v e  t o  

The data ob ta ined  make i t  p o s s i b l e  t o  s e l e c t  r a t i o n a l  p o s i t i o n -  
i n g  of t h e  combustion chamber j u n c t i o n s  or f a i r i n g s  i n  r e l a t i o n  t o  
the s t a t o r  i n t e r v a n e  channel ,  and e v a l u a t e  t he  h y d r a u l i c  l o s s e s  
which ar ise  i n  t he  t u r b i n e  i n  t h i s  case. 
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CHAPTER IV 

GASDYNAMIC CALCULATION OF TURBINE STAGE 

4 .1 .  C a l c u l a t i o n  o f  Turb ine  Stage a t  the  Mean Diameter 

From the  g e n e r a l  thermal c a l c u l a t i m  o f  t h e  gas t u r b i n e  engine  
we know t h e  gas f l o w r a t e  tl-zough t h e  t u r b i n e  G kg/s, t u r b i n e  i n l e t  

t o t a l  p r e s s u r e  and t empera tu re  p t  N/m and TE K ,  r o t o r  speed n rpm, 

and work LT J/kg.  

- 176 

g 
2 

A s  a r e s u l t  o f  p r e l i m i n a r y  c a l c u l a t i o n s  t o  de te rmine  the  b a s i c  
t u r b i n e  s t a g e  parameter? (see Chapter 111), t h e  t u r b i n e  flow p a t h  
scheme and number of t u r b i n e  sta.ges have been selected,  t h e  work has 
been d iv ided  between t h e  stages,  and p re l imina ry  d e t e r m i n a t i o n s  have 
been made of t h e  gas  v e l o c i t y  and t o t a l  p r e s s u r e  and t empera tu re  a t  
the  e x i t  from each t u r b i n e  s t a g e ,  f low s e c t i o n  areas, and t u r b i n e  
diametrical dlmensions 

The a n a l y s i s  of t h e  t u r b i n e  stage a t  t h e  mean diameter can be 

made by v a r i o u s  t echn iques ,  depending on the  s e l e c t e d  s y s t e m  of  
c h a r a c t e r i s t i c  parameters  and g iven  b a s i c  data. We s h a l l  examine 
some Oi’ t h e s e  t echn iques .  
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A.  Taking a s  t h e  b a s i c  parameters :  & b a r  
and Ka ( o r  Fa)’ 

I n  t h i s  case, t h e  c a l c u l a t i o n  can  be made i n  t h e  fo l lowing  
sequence. 

1. From t h e  assumed v a l u r  o f  M2 a and t h e  known va lues  of t he  

t o t a l  p r e s s u r e  and t empera tu re  a t  t h e  stage e x i t ,  we de termine  t h e  
flow s e c t i o n  area F2 (see s e c t i o n  3 .2 ) .  

2. S p e c i f y i n g  t h e  loading: c o e f f i c i e n t  a t  t h e  blade r o o t  pl - - 
2.0 - 2.2, w e  de te rmine  the c i r c u m f e r e n t i a l  v e l o c i t y  a t  t he  b!.ade 
r o o t  and the i n n e r  diameter of t h e  f low p a t h  a t  t h e  stage e x i t :  

- - 6oui 2 
nn = and Di ui 2 

We t h e n  de termine  t h e  o u t e r  and mean diameters: 

- - Do 2 + Di 2, . 
2 ={- and Dm 2 9 

t he  c l r c u m f e r e n t i a l  v e l o c i t i e s  a t  these diameters: 

- 77 ; 
i 

3 
= u  Do 2 U = u  Dm 2 

D i  2 Di 2 
i 2- ui 2 0 2 - ’  m 2  

t and ref ine t h e  p rev ious ly  determined p re l imina ry  f low passage  shape.  

3 .  We determine t h e  gas absGLute v e l o c i t y  a t  t h e  s t a g e  e x i t :  

=- hll where b= f (Ad& ~ = A * ~ c r 2  &nap acr23 

t h e  a x S a l  and c i r c u m f e r e n t i a l  components of t h e  a b s o l u t e  v e l o c i t y  
a t  t h e  stage e x i t :  

*The parameter  Ka cor Fa) I s  used i n  de te rmining  t h e  dimensions of  t h e  
t u r b i n e  s t a g e  flow p a t h .  
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t h e  c i r c u m f e r e n t i a l  component o f  t h e  r e l a t i v e  v e l o c i t y  a t  t h e  
stage e x i t :  

%m=c*+G s 

the  r e l a t i v e  v e l o c i t y  a t  t h e  stage e x i t :  

q=al+dm: 

t h e  c i r c u m f e r e n t i a l  component o f  t h e  gas a b s o l u t e  v e l o c i t y  i n  t h e  

a x i a l  c l e a r a n c e :  

E=WJ-~&?~ - c o e f f l c i e n t  accoun t ing  f o r  t h e  rad ia l  c l e a r a n c e  and 
d i s k  f r i c t i o n  l o s s e s .  

The diameter Dm and area F1 are found from t h e  t u r b i n e  flow 

path drawing. 

FOP Dm = c o n s t ,  u1 = u We can  take approximately u1 2 u2 2’ 
f o r  Dm # c o n s t ,  a l s o .  

4. We f i n d  t h e  a n g l e  al and the  gas a b s o l u t e  v e l o c i t y  c l  

i n  t h e  axial c l e a r a n c e :  

where 

i 
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From the  f l o w r a t e  equa t ion :  

P; a 4  R) where a: =-I- 
Po s(hIr) 

- c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  l o s s ,  which 

can  be e v a l u a t e d  w i t h  t h e  a id  o f  t h e  graph 
o f  a*-f (Sq)  shown i n  Figure 4 . 1 ,  t a k i n g  
X i n  t he  range  0.92 - 0.98. 

;'or t h e  combustion p roduc t s  
b1.33, R-288.4 J(kg K); m = 0.0396. 

So lv ing  ( 4 . 1 )  and ( 4 . 2 )  J o i n t l y ,  w e  
f i n d  a1 and hl c. Then 

5. We determine  the  r e l a t i v e  ve lo-  
c i t y  a t  t h e  r o t o r  i n l e t :  

6. We use  the va lue  found f o r  X1 

t o  r e f i n e  t h e  va lue  o f  0: and de termine  

t h e  t o t a l  p r e s s u r e  a t  t h e  s ta tor  e x i t :  

F i g u r e  4 . 1 .  Dependence 
o.-j(h 0) 

The s t a t i c  pressure a t  t h e  s t a t o r  e x i t :  

A=P:a(h); 

t h e  s t a t i c  tempera ture  of t h e  gas i n  t h e  a x i a l  c l e a r a n c e :  

T,=TfW& 

t h e  a n g l e  of t h e  r e l a t i v e  v e l o c i t y  at; t h e  r o t o r  i n l e t :  
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t h e  a n g l e  of t h e  r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  e x i t :  

7 .  We determine t h e  degree of  f low c o n t r a c t i o n  i n  t he  cascade 
K=sinfil/sin@P, and t h e  sum of t h e  f low a n g l e s  (61+80), and t h e n  t h e  
v e l o c i t y  c o e f f i c i e n t  

8. We then  f i n d :  

t he  adiabat ic  work of  gas expans ion  i n  t h e  ro to r :  

t h e  gas s t a t i c  p r e s s u r e  a t  t h e  r o t o r  e x i t :  
\ R 

t h e  gas t empera tu re  a t  t h e  r o t o r  e x i t :  

t he  gas d e n s i t y  a t  t h e  r o t o r  e x i t :  

t h e  a x i a l  v e l o c i t y  a t  t h e  r o t o r  e x i t :  

where AG 2s t h e  flowrate o f  t h e  a i r  which c o o l s  t h e  b l a d e s  and t h e n  
e n t e r s  t he  f low p a t h .  The d e n s i t y  of t h i s  a d d i t i o n a l  q u a n t i t y  o f  
a i r  w i l l  b e  d i f f e r e n t  from the  main gas stream d e n s i t y  p (somewhat 

higher) ,  bu t  t h i s  d i f f e r e n c e  can b e  n e c l e c t e d  when f i n d i n g  c 2  a. 
2 

i 

/79 

I s  found t o  d i f f e r  from t h e  v a l u e  ca l cu la t ed  i n  item 3 ,  If '2 a 
a n o t h e r  approximat ion  i s  made ( t h e  area F2 is r e f i n e d ) ,  and t h e  

9 5  



I 
i 

c a l c u l a t i o n  i s  repeated u n t i i  agreement is  reached. After t h i s ,  w e  
can c a l c u l a t e  the  remaining parameters. 

and 

UX- *++of 
TS=Tl- k 

2-R 
k - 1  

9. We determine t h e  t o t a l  temperature based on t h e  r e l a t i v e  
flow v e l o c i t y  a t  t h e  ro to r  cascade entrance:  

where 

T',=-Tt+ 1:. 
2-R  

1)- 1 

t h e  flow tu rn ing  angle  i n  t h e  r o t o r  cascade: 

C =  18$-(&+b); 

t h e  Mach number a t  t he  t u r b i n e  e x i t :  

t h e  gas t o t a l  temperature  and pressure  a t  t h e  t u r b i n e  stage e x i t :  

T h i s  temperature " 5  i s  compared w i t h  I t s  value cb ta ined  i n  
s t e p  1. 

If t h e  stage being examined i s  not t h e  f i n a l  s t a g e ,  t h e  quan- 
t i t i e s  T: and p; are t h e  I n i t i a l  va lues  f o r  c a l c u l a t i o n  of  t h e  

following stages. 

D 
! '  

3 
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10 .  We calcu!.ate t h e  a d i a b a t i c  work of gas expansion i n  t h e  
stage: 

the  s t a g e  degree o f  r e a c t i o n :  

P -  - Lad.r Y . 
Lad.st 

the  t u r b i n e  stage e f f i c i e n c y :  

- Ls t 
n * s t  - 1 %  uad.st 

B. Taking: as t h e  i n i t i a l  parameters: viy pT, a 

1. Spec i fy ing  t h e  l o a d i n g  c o e f f i c i e n t  a t  t he  b l ade  r o o t  ui - - < /81 
2 - 2.2,  w e  f i n d  t h e  l o a d i n g  c o e f f i c i e n t  a t  t h e  mean r a d i u s :  

2 .  We t a k e  t h e  k inemat ic  degree o f  r e a c t i o n  a t  t h e  mean r a d i u s  
i n  t h e  range ~p=(0,!2-0,45) and f i n d  t h e  c i r c u m f e r e n t i a l  components 
o f  t h e  g;.; Lbsolu te  v e l o c i t y  by j o i n t  s o l u t i o n  of t h e  equa t ions :  

3 .  We f i n d  t h e  s t a t o r  e x i t  f low a n g l e  a l .  

D i r e c t  de t e rmina t ion  01 t h e  a n g l e  al f o r  known va lues  o f  t h e  gz,s 

f l o w r a t e ,  mean diameter, and flow p a t h  shape  i s  d i f f i c u l t .  I t  I s  

p r e f e r a b l e  t o  f i n d  t h e  a n g l e  a1 b y t r i a l  and e r r o r .  

f irst  s p e c i f y  th ree  o r  fou r  va lues  o f  al  i n  t h e  range 18O - 35', and 

To this end,  we 
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f o r  each s p e c i f i e d  va lue  of  al we determine t h e  a x i a l  v e l o c i t y  a t  
t h e  s t a t o r  e x i t :  

4 .  We f i n d  t h e  a b s o l u t e  v e l o c i t y  a t  t h e  s t a t c r  e x i t ;  

&2L ; 
a1 

t he  reduced gas v e l o c i t y  a t  the  s t a t o r  e x i t :  

where 

t h e  c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  recovery i n  t h e  s t a t o r  cascade:  

The v e l o c i t y  c o e f f i c i e n t  I$ i s  ob ta ined  from exper imenta l  cas-  
aade f low tes t  data (see Chapter I ) .  

5. We then  f i n d  t h e  area o f  t h e  a n n u l a r  flow p a t h  s e c t i e n  a t  
t h e  s t a t o r  e x i t :  

where m=a=; 9(Al,) i s  t aken  from gasdynanlc  f u n c t i o n  tables .  & 

6. We p l o t  t h e  r e l a t i o n  F,-f(cril .  Using t h e  area Fly c a l c u l a t e d  

from t h e  assumed flow p a t h  dimensions,  w e  f i n d  t h e  a n g l e  J ~ .  

7 .  We f i n d  t h e  a n g l e  of  t h e  r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  
en t r ance :  

t h e  r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  e n t r a n c e :  
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t he  s t a t i c  p r e s s u r e  a t  the s t a t o r  e x i t :  

8. S p e c i f y i n g  the  f low e x i t  angle a2, w e  de te rmine  the abso- 
l u t e  v e l o c i t y  a t  the r o t o r  e x i t :  

- 4 - 5 ;  

t he  reduced  v e l o c i t y  a t  t h e  r o t o r  e x i t :  
I* t - eo 

9 

t h e  c i r c u m f e r e n t i a l  component of t h e  r e l a t i v e  v e l o c i t y  a t  t h e  

r o t o r  e x i t :  
%* =cr,+ar; 

t h e  r e l e t i v e  v e l o c i t y  a t  t h e  r o t o r  

the  a n g l e  of t h e  r e l a t i v e  v e l o c i c y  

e x i t :  

a t  t h e  r o t o r  e x i t :  

After t h i s ,  w e  f i n d  a l l  t h e  remaining parameters  a7 i n  t h e  

first t echn ique ,  s teps  7 - 10. 
C .  Taking as the  b a s i c  parameters: pi, M2, p 

1. From t h e  adopted va lue  o f  M2 a and known v a l u e s  of t h e  t o t a l  

p r e s s u r e  2nd tempera ture  a t  t h e  s tage e x j t ,  we ne termine  t h e  f low 
s e c t i o n  area F2, t a k i n g  mar900 (see s e c t i o n  3 . 2 ) .  

2. S p e c i f y i n g  t h e  l o a d i n g  c o e f f i c i e n t  a t  t:le blade r o o t  p i  2 
2.0 - 2 . 2 ,  we determine  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  ui and t h e  

flow passage  i n n e r  diameter Di 2 a t  t h e  s t a g e  e x i t .  We t h e n  f i n d  
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t h e  o u t e r  and mean diameters and the  c i r c u m f e r e n t i a l  v e l o c i t i e s  tit 

t h e s e  diameters ( s e e  technique  A,  s t e p  2). 

i 

i 

3 .  We determine ( i n  t h e  f i r c t  approximat ion)  t h e  s ta t ,  $res- 
s u r e  a t  t h e  stage e x i t  and t h e  a d i a b a t i c  work o f  gas expansi?n i : i  

t h e  s t a g e :  
k 

P¶=p:(y?) r e  

where 

G T, = 
&-1 ' 

l + T *  

and 

4 .  We s p e c i f y  t h e  degree o f  r e a c t i c r ,  a t  t h e  s t a g e  mean r a d i u s :  

a )  f o r  the first stages p, = 0.2 - 0.35; 

b )  f o r  t h e  l a s t  stage pm = 0.35 - 0.45; 

and de termine  t h e  a d i a b a t i c  work of  gas expansion i n  t h c  s t a t o r :  

t h e  gas  expansion r z t i o  i n  t h e  s t a t o r :  

t h e  gas  discharge v e l o c i t y  a t  t h e  s t a t o r  e x i t :  

The v e l o c i t y  c o e f f i c i e n t  p i s  s e l e c t e d  from expe r imen ta l  cascade  
flow t e s t  data ( s e e  Chap? r T ) .  
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5. We f i n d  the s t a t o r  e x i t  f low a n g l e  al. Thc a n g l e  a ,  i s  
I 

t aken  i n  the range al = 20 - 35' (smaller v a l u e s  of  al p e r t a i n  t o  t h e  

f i r s t  stages, and l a r g e r  va lues  - t o  t h e  l as t  s tages) ,  and we t h e n  
determine t h e  flow pa th  dimensions a t  t h e  s t a t o r  e x i t ,  o r  we deter- 
mine t h i s  area from t h e  flow p a t h  shape ,  f low pa th  dimensions,  and 
gas f l o w r a t e ,  known from t h e  p re l imina ry  c a l c u l a t i o n .  However, 
d i r e c t  de t e rmina t ion  of  t h e  a n g l e  u1 i s  d i f f i c u l t .  

f i n d  a n g l e  al by t r i a l  and e r r o r  ( j u s t  as i n  t echn ique  B,  s t e p  3 ) .  

It ,s bet te r  t o  /84 

6.  We f i n d  t h e  a n g l e  of  t h e  r e l a t i v e  v e l o c i t y  a t  the  r o t o r  
e n t r a n c e  : 

t he  r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  e n t r a n c e :  

the s t a t i c  p r e s s u r e  a t  t n e  s t a t o r  e x i t :  

t h e  c i r c u m f e r e n t i a l  component of  t h e  r e l a t i v e  v e l o c i t y  a t  t h e  

r o t o r  e x i t :  

t h e  axl,'- component o f  t h e  gas r e l a t i v e  v e l o c i t y  a t  t h e  
r o t o r  e x i t :  

wm=MW fkm, 

t h e  ang le  of t h e  r e l a t i v e  v p l o c i t y  a t  t h e  r o t o r  e x i t :  

the  c i r cumfe ren . ?z* l  component of  t h e  a b s o l u t e  v e l o c i t y  a t  t h e  

r o t o r  e x i t :  

i 

i 
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t h e  arigle o f  the  a b s o l u t e  vE1C)city a t  t h e  r o t o r  e x i t :  

I f  t h i s  va lue  o f  anG85", w e  a l t e r  M2, p,  o r  t h e  a r e a  F2 by 

changing the  ot. ter  diameter, and r e p e a t  t h e  c a l c u l a t i o n  bsginriing 
wi th  s t e p  5 u n t i l  the flow param& x?s a t  s e c t i o n s  1 and 2 a g r e e .  

7. We f i n d  t h e  r e l a t i v e  gas  v e l o c i t y  a t  t h e  r o t o r  e x i t :  

After t h i s ,  we determine a l l  t he  r5maining pzrameters, j u s t  as i n  
technique  A,  s t e p s  7 - 1 0 .  

D. Other p o s s i b l e  s t a g e  c a l c u i a t i o n  t echn tques  

I n  many c a s e s ,  it i s  more convenient  ;o s p e c i f y  
of  the  ang le  U 2  and t h e  r a t i o  of the c i r c u m f e r e n t i a l  

ponents  &/clU, s i n c e  i n  a i r c r a f t  engine  gas  t u r b i n e s  

t h e  magnitude /& 
v e l s c i t y  com- 

these q u a n t i t i e s  
vary i n  q u i t e  narrctz l i m i t s  : ~ z u / c ~ u = O - ~ , l  and a2=W,--7S0. The smaller 
va lues  of t h e  rat:. 

c h a r a L t e r i s t i c  f o r  t h e  lasi z tdse .  I n  t h i s  c a s e ,  t h e  c a l c u l a t i o n  
sequence w i l l  b e  the same as i n  technique  A ,  w i t h  t h e  d i f f e r e n c e  t h a t :  

c2,,hU and t h e  largefi val.ues of  t h e  a n g l e  a2 are 

i 
Agreement cf t h e  c a l c u l a t i o n  w i l l  a l s o  b e  determined by e q u a l i t y  

of t h e  a x i a l  v e l o c i t y  component downstream o f  t h e  r o t o r  c a l c u l a t e d  
3.n st.ep 3 of technique  A ,  and t h e  va lue  determined a t  t h e  end of  t h e  i 
c a l c u l a t i o n  from th'3 f l o w r a t e  equa t ion  c 2  a = ( G g  t AG)/f,g2. L i 

; 
i 

O t h e r  turbLlie s t a g e  c a l c u l a t i o n  t ecnn iques  can a l s o  b e  used: 1 

f o r  example when nS 2nd n are  s p e c i f i e d .  All t h e s e  t echn iques  

make i t  PO o l e  t o  c a l c L l a t e  t h e  t u r b i n e  a t  t h e  m a n  d i r n e t e r  and 
1" 

1 0 2  
b 
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de termine t h e  parameters  r e q u i r e d  f o r  i t s  des ign .  However, t h i s  
c a i c u l a t i o n  i s  s t i l i  no t  t h e  f i n a l  s t e p .  

This  is exp la ined  by t he  f a c t  that i n e r t i a l  f o r c e s  which cause  
change of  the  v e l o c i t y  and p r e s s u r e  a l o n g  t h e  r a d i u s  appear i n  t h e  

gas stream swirled r e l a t i v e  t o  t h e  t u r b i n e  a x i s .  These changes obey 
d e f i n i t e  laws and cannot  b e  s p e c i f i e d  a r b i t r a r t l y .  On each p a r t i c l e  
of mass dm l o c a t e d  a t  t h e  r a d i u s  r i n  t h e  a x j - 1  c l e a r a n c e  between 

- - t he  s t a t o r  and r o t o r  blades, there a c t s  t h e  c e n t r i p e t a l  f o r c e  dPc 

- - dm&-/ f ,  and downstream o f  t h e  r o t o r  there acts  t h e  f o r c e  dPc 

MIr. 
creases toward the blade pe r iphe ry  (wi th  i n c r e a s e  o f  r ) .  S ince  the  

c i r c u m f e r e n t i a l  v e l o c i t y  component c 2  i s  much less  t h a n  c1 u ,  t h e  

p r e s s u r e  p i n c r e a s e s  a l o n g  t h e  blade l e n g t h  t o  a c o n s i d c a b l y  

greater degree than  p2, and as a r e s u l t  of t h i s ,  t h e  pressu,'e d i f f e r -  

ence p1 - p2 a t  the blade r o o t  w i l l  be  cons ide rab ly  smaller t h a n  a t  

t h e  per iphery .  T h i s  means tha t  the  degree  of  r e c c t i o n  dec reases  w i t h  

t r a n s i t i o n  t o  a smaller r a d i u s ,  and may even be n e g a t i v e  n e a r  t h e  

r o o t .  Negati ;e degree of r e a c t i o n  means t h a t  PI<PZ. *<='I and &<Qe 
i . e . ,  d i f f u s i v e  f low develops o r ,  as ;ve s a y ,  t he  t u r b i n e  r o t o r  blade 
o p e r a t e s  i n  t he  compressor regime. T h i s  n a t u r a l l y  leads t o  i n c r e a s e  
of t h e  l o s s e s  and r e d u c t i o n  of  the  t u r b i n e  e f f i c i e n c y .  

Consequently,  the  v e l o c i t y  decreases and t h e  p r e s s u r e  in -  

1 

Thus, thft  t u r b i n e  c a l c u l a t i o n  performed a t  t h e  mean diameter 
cannot b e  cGnsldered f i n a l  u n t i l  i t  i s  v e r i f i e d  t h a t ,  f o r  t h e  f low 
parameters ob ta ined  a t  t he  mean diameter, the  degree o f  r e a c t i o n  a t  
t h e  b l a d e  r o o t  i s  not  n e g a t i v e  and the  f low swirl a n g l e  a t  t h e  s t a g e  
e x i t  i s  nct. excess ive .  The l a t t e r  i s  very impor tan t  3 r  t h e  t u r b i n e  
s t r g e  downstream o f  wiiich t h e  d i scha rge  d i f f u s e r  i s  l o c a t e d .  

The flow parameter  v a r i a t i o n  a long  t h e  b l a d e  l e n g t h  must, be  

known i n  o r a e r  t o  des ign  the  p r o f l i e  cascade a t  o t h e r  r a d i i .  T h i s  
i s  p a r t i c u l a r l y  important  f o r  s t a g e s  w i t h  r e l a t i v e l y  long blades  - 
Dm/hb 1 0 ,  where t h e  flow parameter v a r i a t i o n s  a long  t h e  

i 
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blade l e n g t h  are s i g n i f i c a n t  and t h e i r  n e g l e c t  may lead t o  maraked 
r e d u c t i o n  o f  t h e  t u r b i n e  e f f i c i e n c y .  

4 .2 .  Radial V a r i a t i o n  o f  Flow Parameters 
i n  Turbine Stage 

Di f f e rences  between t h e  flow parameters  a long  t h e  blade l e n g t h  
and the i r  v a l u e s  a t  t he  mean r a d i u s  are caused by: 

1) v a r i a t i o n  o f  the c i r c u m f e r e n t i a l  v e l o c i t y ;  

: . 

2 )  presence  i n  the flow o f  i n e r t i a l  f o r c e s  caused by f low 
s w i r l  and s t r e a m l i n e  c u r v a t u r e  i n  the  mer id ionz l  s e c t i o n ;  

3 )  presence  o f  a radial v e l o c i t y  component caused by p o s s i b l e  
v a r i a t i o n  of  the i n n e r  or o u t e r  t u r b i n e  flow path diameter. 

I n  o r d e r  t o  o b t a i n  h igh  e f f i c i e n c y ,  i t  i s  necessa ry  t o  e n s u r e  
f low around t h e  blades a t  a l l  s e c t i o n s  a l o n g  t h e  lengt l l  a t  a n g l e s  02 

a t t a c k  c l o s e  t o  t h e  op t ima l  va lue .  T h i s  i s  p o s s i b l e  i f  t he  cascade  
i s  p r o f i l e d  wi th  account  f o r  radiai  v a r i a t i o n  o f  the  flow parameters .  

The s t r e a m l i n e  c u r v a t u r e  and s l o p e  i n  t h e  t u r b i n e  are u s u a l l y  
n o t  l a r g e ;  t h e r e f o r e ,  wnen examining the  f low i n  t h e  a x i a l  clear- 
ances  bctween the  s t a t o r  and r o t o r  r i n g s ,  w e  assume t h a t  the a b s o l u t e  
v e l o c i t l  radial component c & ,  i . e . ,  we c o n s i d e r  approximately t h a t  
t h e  gas  p a r t i c l e s  t r a v e l  a long  c o a x i a l  c y l i n d r i c a l  stream s u r f a c e s .  
It i s  well known t h a t  i n  t h i s  case, radial  e q u i l i b r i u m  c? trle cen- 
t r i f u g a l  i n e r t i a l  f o r c e s  and hydrodynamic p r e s s u r e  f o r c e s  a c t i n g  
on t h e  gas p a r t i c l e s  i s  expressed by the  equa t ion :  

1 dp 8: 
Q dr r 
- 

For t he  s e L t i o n s  ahead of and downstream of t h e  r o t o r  ( s e c t i o n s  
1-1 and 2-2 i n  F igu re  l . l),  t h e  equa t ions  of  rsdial  e q u i l i b r i u m  
have t h e  form, r e s p e c t i v e l l ,  



. I  
i (4.3) 4 

Ldhs- 4 and’*,-. 4 
Qae r 6 tb I 

% 
i Using the  B e r n o u l l i  equa t ion ,  w e  can f i n d  t h e  connec t ion  be- r 
” 

tween t h e  a x i a l  and c i r c u m f e r e n t i a l  v e l o c i t y  components. 

We w r i t e  the B e r n o u l l i  equa t ion  for t h e  gas stream t r a v e l i n g  /87. .; 
between s e c t i o n s  0 and 1 (see F igure  l.l), s e t t i n g  the v e l o c i t y  a t  
s e c t i o n  0-0 equa l  t o  ze ro  ( co  = 0): 

f 

- Here, w i t h  accuracy t o  Ai+, t h e  f r i c t i o n  work Lr 2 Lk - 

Equat ion  (4 .4)  i s  v a l i d  only alo- ;  a stream f i l a m e n t ,  bu t  if w e  
take the gas parameters ahead of t h e  t u r b i n e  and the  l o s s e s  I n  a l l  
the t u r b i n e  elements  t o  be constar i t  a long  the  blade l e n g t h ,  i t  can 
be d i f f e r e n t i a t e d  a long  the  r a d i u s .  With account f o r  t h e  f a c t  that 

c:=ci+E , and drp/dr=O , i .e. ,  cp(ri=-const, h-e o b t a i n :  

If i n  (4.5) we s u b s t i t u t e  i n  p l a c e  of ~7 ‘ P I -  i t s  va lue  from the  radial  

eq i l i l ib r iwn equa t ion  (4.3), af te r  t r ans fo rma t ion  w e  o b t a i n :  

T h i s  equht ion  connects  t h e  axial  ar,d c i r c u m f e r e n t i a l  velocity 

components a t  s e c t i o n  1-1. 
t h e  components, we c m  f i n d  how t h e  o t h e r  w i l l  va ry .  

If we s p e c i f y  t h e  v a r i a t i o n  of one of  

i 

i 

I f  we s p e c i f y  a rad ia l ly  u n i f o m  r o t o r  b l a d e  e n t r a n c e  axial  
v e l o c i t y  p a t t e r n  c,,,(t)=C01181, t hen  from ( 4 . 6 )  the  c r r c u m f e r e n t i a l  



1 

1 

v e l o c i t y  component v a r i a t i o n  is d e f i n e d  by t h e  produc' 
ct'3=-const 

1 t& 4 1 dem br-  --c ; or --+--O. After i n t e g r a t i n g  t h i s  e q u a t i o n ,  
r s e r  op ea r 

we o b t a i n :  

o r  

I f  we specify t h e  c i r c u m f e r e n t i a l  v e l o c i t y  component v a r i a t i o n  1 

us ing  the c o n s t a n t  c i r c u l a t i o n  l a w  c1 ur = c1 mrm = c o n s t ,  and use  

t h i s  c o n d i t i o n  t o  s o l v e  (4.6), w e  can f i n d  how Lie a x i a l  v e l o c i t y  /88 
component v a r i e s  a long  the  blade l e n g t h  i n  t h i s  case .  

t 
c 

t 
t S u b s t i t u t i n g  t n i s  va lue  i n t o  (4.61, we f i n d :  

I n t e g r a t i n g  t h i s  express io i i ,  w e  f i n d  

( 4 . 7 )  

We f i n d  the  i n t e g r a t i o n  constant-  C1 from t h e  c o n d i t i c n  t h a t  for 

r = r  c I n  this c a s e ,  - - 
Cf a m *  rn' 1. a 

S u b s t i t u t i n g  ti ; iS va lue  o f  C1 i n t o  ( 4 - 7 1 ,  a f t e r  t r a n s f o r m a t i o n  w e  
o b t a i n  : 
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We denote  t he  r a t i o s  o f  t h e  i n s t a n t a n e o u s  parameters  t o  t h e i r  
va lues  at  t h e  mean r a d i u s :  

Then t h e  cons ide red  law of c i r c u m f e r e n t i a l  v e l o c i t y  component 
v a r i a t i o n  a l o n g  t h e  r a d i u s  ( c o n s t a n t  c i r c u l a t i o n  law) i s  w r i t t e n  
i n  t he  form ZlU-llf.. 

2 i 
t Divid ing  bo th  sides o f  (4 .8)  by ca m, and bear ing i n  mind tha t  

4 rn 
-=*-m, af te r  t r a n s f o r m a t i o n  w e  o b t a i n  the  a x i a l  v e l o c i t y  com- 4 m 

f 
3 

ponent v a r i a t i o n  law: 
i 

(4 .9 )  

Let us f i n d  the  r e l a t i o n s h i p  between t h e  v a r i a t i o n  of t h e  a n g l e  
a1 and t h e  v e l o c i t y  components a l o n g  t h e  r a d i u s .  

m u l t i p l y  a l l  terms o f  (4 .6)  by dr/&. Then, af ter  t r a n s f o r m a t i o n s ,  

To t h i s  end, w e  

we ob t  i n :  

o r  

(4.10) 

From t h i s  e q u a t i o n ,  w e  can de te rmine  t h e  v a r i a t i o n  of t h e  a n g l e  
al f o r  the adopted c i r c u m f e r e n t i a l  and axial  v e l o c i t y  component 

.. v a r i a t i o n  law o r ,  s p e c i f y i n g  the  v a r i a t i o n  o f  t h e  a n g l e  al, we can 

f i n d  th: r e l a t i o n s h i p  o f  t h e  v e l o c i t i e s  c1 a and c1 
blal.,e l e n g t h .  

a l o n g  t h e  

i 

1 L e t  us determine t h e  v a r i a t i o n  a long  t h e  blade l e n g t h  o f  t he  
ic 
1 ariglz a 1 for flow s:Girl, fo l lowing  t h e  c o n s t a n t  c i r c u l a t i o n  law. 

I 
f 

a 
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Replacing i n  ( 4  .lo) tga.clu=ctoand crf=cIJ&lA.)--I, w i t h  account  for 
the f a c t  t h a t  dIn(cl,r)=O , after t r a n s f o r m a t i o n ,  we o b t a i n :  

o r  

hence, 

Using the  va lues  o f  c&=cbA% and ca from (4.8), a f t e r  i n t e g r a -  r 

t i o n  and t r a n s f o r m a t i o n ,  w e  o b t a i n :  

tg" %= [ tgt 4 m+ ( 1 - f?! ( 1 - +)] . ( 4 . 1 1 )  

Now l e t  us f i n d  how c1 a and c1 vary  f o r  a c o n s t a n t  a n g l e  al 

a long  t h e  blade. We r e c a l l  that  constancy o f  the  a n g l e  al, which 

d e f i n e s  t h e  flow d i r e c t i o n  a t  t he  s t a t o r  e x i t ,  does no t  mean con- 
s t ancy  o f  the  blade p r o f i l e  geometr ic  a n g l e  al b .  

t h e n  a1 b ( r )  # c o n s t .  
If a,(r)  = c o n s t ,  

Equat ion (4.10) can be w r i t t e n  i n  t h e  form: 

We f i n d  the. i n t e g r a t i o n  c o n s t a n t  C from t h e  boundary c o n d i t i o n s ,  
Then, 1 u m' t a k i n g  r = rm and c1 Li = c  

? 
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o r  

hence, 

i 

It fo l lows  from t h e  cons idered  flow swirl examples ( c h a r a c t e r -  
i s t i c  for t u r b i n e  stages) tha t  f o r :  

We see t h a t  t h e  exponent of  r i n  t h e  p rcduc t  c u r  c h a r a c t e r i z e s  

t h e  f low swirl  v a r i a t i o n  a long  t h e  r a d i u s .  The r fo re ,  i n  t h e  g e n e r a l  
ca se ,  t h e  s w i r l  v a r i a t i o n  a long  t h e  r a d i u s  can  be r e p r e s e n t e d  i n  t h e  
form.curm=const,. I f  now, i n  s o l v i n g  ( 4 . 6 ) ,  we use t h e  c o n d i t i o n  
C,rm=conrt , w e  o b t a i n  t h e  fo l lowing  r e l a t l g n s  f o r  de te rmining  t h e  

v a r i a t i o n  o f  t h e  a x i a l  v e l o c i t y  component and flow d i r e c t i o n  a t  t h e  
stator e x i t ,  r e s p e c t i v e l y :  

and 
t 

tg %=% I / W  %mf (1 - p) (1 - +) . 

L e t  u s  examine t h e  v a r i a t i o n  of  t h e  gas parameters a t  t h e  

r o t o r  e x i t .  

( 4 . 1 2 )  

(4 .13)  

We have t aken  as t h e  f i rs t  c o n d i t i a n  t h e  law o f  c i r c u m f e r e n t i a l  
v e l o c i t y  component v a r i a t i o n  a t  t h e  s t a t o r  e x i t .  We u s u a l l y  take  a s  
t h e  second c o n d i t i o n  f o r  a i r c r a f t  t u r b i n e s  t h e  constancy o f  t h e  work 

I 



t 4 

4 

a l o n g  the  blade L,(r)=const . T h i s  i s  done i n  o r d e r  t o  exc lude  the  
p o s s i b i l i t y  o f  the appearance of a d d i t i o n a l  l o s s e s  because of redis- 
t r i b u t i o n  of the energy i n  the flow between t h e  gas  stream f i l a m e n t s .  

s 

_I 

Taking u1==k=u, w e  can wri te :  

c ~ n  o r  with account  f o r  t h e  f a c t  t ha t  cdmed Hence, %=-- L. 
0 

( 4 . 1 4 )  I 

For de te rmin ing  the axial  v e l o c i t y  c 2  w e  use the B e r n o u l l i  /gl 

e q u a t i o n  f o r  the  gas stream t r a v e l l i n g  i n  the  stage from s e c t i o n  0-0 

t o  s e c t i o n  2-2 (see F i g u r e  1.1), t a k i n g  t h e  v e l o c i t y  a t  t h e  z e r o  
s e c t i o n  equa l  t o  zero: 

where the  h y d r a u l i c  work Lr st ; Li st i s  d e f i n e d  by t h e  e x p r e s s i o n :  

(4 .16)  ' r  
1 
i 

': F 
F and t h e  c o n d i t i o n  of f l o w  radial  e q u i i i b r i u m  i n  t h e  a x i a l  c l e a r a n c e  

downstream of  t h e  r o t o r :  a 

( 4 . 1 7 )  I 

' t  

i t  
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After integrating, substituting in place of c1 a its value from 
(4.12), and transformation, we obtain: 

(4.18) 

If the axial velocity component, by analogy with the preceding 
analysis, is represented in the form c2 a - - 
ratio u2 m/~2 a = ctg 6, 

and the '2 aiC2 a rn' 
- ctg a2 E, then (4.18) is written as: 

*m 

Equation' (4.19)simpliflies if the gas discharge at the meanradius /92 
= 0 and = goo, and the ratio c1 / if '2 u m is axial, i .e., 

'2 a m 

62 m 

is expressed in terms of the loading coefficient pm and tg 

by the relation: 

Then, 
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The v a r i a t i o n  of the a n g l e  6, a long  the  blade l e n g t h  i s  d e f i n e d  

f o r  a x i a l  gas d i s c h a r g e  a t  t h e  mean r a d i u s :  

The v a r i a t i o n  of t h e  a n g l e  a2 a long  the  blade 

r e l a t i o n :  

f o r  a x i a l  gas d i s c h a r g e  a t  t h e  mean r a d i u s :  

(4.20) 

l e n g t h  fo l lows  the  

(4.21) 

With t h e  a i d  o f  these r e l a t i o n s ,  we can  de termine  how t h e  velo- /93 
c i t y  and the f low a n g l e s  i n  the  a x i a l  c l e a r a n c e  and downstream o f  
the  r o t o r  w i l l  vary a long  the  r a d i u s  f o r  d i f f e r e n t  flow swirl laws, 
and a l s o  how t h e  o t h e r  gas parameters w i l l  va ry .  

For  known gas parameters a t  t h e  mean r a d i u s ,  we need only  s p e c i f y  
the va lue  of  n and t h e  magnitude o f  t h e  r e l a t i v e  r a d i u s  F. 

Figures  4.2 - 4 . 1 1  show t h e  v a r i a t i o n  of t h e  f low a n g l e s  and 
v e l o c i t i e s  a t  t he  s t a t o r  cascade  and r o t o r  cascade  e x i t s .  We see t h a t  
change of m i n f l u e n c e s  most markedly t h e  behav io r  of t h e  parameters  
QI, CIO, CIU, b b 04, and t h e s e  v a r i a t i o n s  are  more marked, t h e  smaller 
(closer t o  t h e  b lade  r o o t ) .  The o t h e r  parameters change very l i t t l e  
and t h e  degree  o f  r e a c t i o n  p remains almost  c o n s t a n t  w i t h  v a r i a t i o n  
of m :  t h u s ,  f o r  7 = 0.75,  which corresponds t o  D,/h = 4 ,  w i t h  chaiige 

of  t h e  va lue  of m from m = 1 . 0  t o  m=q+ccSzut, (cor responding  t o  

i 

'j 

1 1 2  



I 

-1 3.. . 

F' 
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P Figure  4.2.  V a r i a t i o n  of  c i r -  F igu re  4 . 3 .  V a r i a t i o n  of  a x i a l  
c u m f e r e n t i a l  v e l o c i t y  component v e l o c i t y  component downstream of 
downstream o f  s t a t o r  a l o n g  s t a t o r  a l o n g  b l a d e  l e n g t h  

blade l e n g t h  

F igu re  4 . 5 .  V a r i a t i o n  of  a n g l e  F igu re  4 . 4 .  V a r i a t i o n  of  a n g l e  
a1 a long  b lade  l e n g t h  6, a l o n g  b l a d e  l e n g t h  

al = c o n s t ) ,  t h e  degree of  r e a c t i o n  n e a r  t h e  hub changes from 0 .5% 

t o  3%. A t  t h e  same t ime,  n e a r  t h e  b l ade  t i p  a t  F = 1 . 2 5 ,  i t  i n c r e a s e s  
by p r a c t i c a l l y  t h e  same magnitude. Nearly t h e  same conc lus ions  a p p l y  
t o  a n o t h e r  important  parameter  - t h e  flow t u r n i n g  a n g l e  i n  t h e  r o t o r  
cascade e=Ibo--(&+b). For  t h e  same c o n d i t i o n s  as i n  t h e  p reced ing  
example, t h e  va lue  of  E n e a r  t h e  b lade  r o o t  var ies  from 1 0 3 O  t o  9 7 ' .  
This i n d i c a t e s  t h a t  t h e  v a r i a t i o n  o f  m i n  t h e  i n d i c a t e d  l i m i t :  h a s  

very l i t t l e  f n f l u e n c e  on t h e  degree o f  r o t o r  b lade  twist, s i n c e  w i t h  

l n c r e a s e  o f  6, (nea r  t h e  blade r o o t ) ,  B 2  dec reases .  F u r t h e r  r e d u c t i o n  



'. 

o f  m < q h ~ ~ ~ # , ,  is n o t  de- 

s i rable  because o f  marked 
i n c r e a s e  of  the  flow 
swirl ang le  downstream of  
t h e  r o t o r  blades (reduc-  
t i o n  of  t h e  a n g l e  a2) and 

l a r g e  nonuniformity of  the 

a x i a l  v e l o c i t y  components 
and c2 a .  The l a t t e r  F igu re  4.6. V a r i a t i o n  o f  a x i a l  velo- 

c i t y  component downstream o f  r o t o r  a 
c r e a t e d  marked mismatch 
between t h e  gas f l o w r a t e  
through t h e  s t a t o r  and r o t o r  cas-  
cades i n  t he  r o o t  and t i p  sec-  
t i o n s ,  which leads t o  t h e  appear- 
?.ilce i n  t h e  i n t e r b l a d e  chanfiels 
of a rad ia l  gas v e l o c i t y  com- 
ponent.  

a long  b l a d e  l e n g t h  

Values o f  m g r e a t e r  t h a n  one 
i n c r e a s e  t he  flow t u r n i n g  arigle 
nea r  t h e  b lade  r o o t ,  make t h e  
degree o f  r e a c t i o n  n e g a t i v e ,  in -  
c r e a s e  B1, c r e a t e  nonuniformity 

of  t h e  axial  v e l o c i t i e s  a l o n g  t h e  

F i g u r e  4.7.  V a r i a t i o n  cf f low 
a n g l e  a2 a long  b l ade  l e n g t h  

b l ade ,  i . e . ,  t A e y  lead t o  d e t e r i -  
o r a t i o n  of t h e  gas f low c o n d i t i o n s  i n  t h e  t u r b i n e .  The re fo re ,  when 
des ign ing  t u r b i n e s ,  we s e l e c t  m i n  t h e  range &,am;+$cos*at. 

T h i s  a n a l y s i s  of t h e  v a r i o u s  laws o f  flow and v e l o c i t y  a n g l e  
v a r i a t i o n  a long  t h e  b l a d e  l e n g t h  p rov ids  an  adequate  r e p r e s e n t a t i o n  
o f  flow k inemat ics  i n  t h e  s t a g e ,  on t h e  bas i s  of  wnich we can s e l e c t  
b l ade  a n g l e s  which are  r a t i o n a l  from t h e  viewpoint  of des ign  and 
f a b r i c a t i o n ,  and v e l o c i t y  f i e l d s  and f i o k  d i r e c t i o n s  a t  t h e  tu rb l r le  
e x i t  which are  f a v o r a b l e  from t h e  viewpoint  o f  m i n i m a l  l o s s c - ,  i n  t h e  

p o s t  t u r b i n e  m u s e r .  However, j-n s p i t e  of  v a r i o u s  cons ide ra t ion ,  
of  gasdynamic n a t u r e ,  t h i s  so r t  of a n a l y s i s  does not  y i e l d  adequate 
bases  f o r  Judging which of  t h e s e  laws is  most f a v o r a b l e  f o r  o b t a i n i n g  

1 1 4  
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Figure  4.8. V a r i a t i o n  of 
f low a n g l e  6, a long  blade 

l e n g t h  

maximal s t a g e  e f f i c i e n c y .  From 
t h i s  viewpoint ,  each of t h e  laws 
has  i t s  sdvantagea and disad- 
vantages ,  which a f f e c t  d i f f e r e n t l y  
the  l o s s e s  i n  the s t a g e ,  and par- 
t i c u l a r l y  80 i f  t h e  s t a g e s  a l s o  
C:-t.ffer i n  r e l a t i v e  and a b s o l u t e  
b l ade  l e n g t h .  The re fo re ,  we must 
r e s o r t  t o  experiment i n  o r d e r  t o  
s e l e c t  the flow swirl law wnich 
p rov ides  maximal s tage e f f i c i e n c y .  
Unfor tuna te ly ,  few such expe r i -  

F igu re  4.9. Variaclvri cf f .ow t w n -  
a n g l e  i n  r o t o r  a long  b l a d e  

l e n g t h  

F i g u r e  4.10. V a r i a t i o n  o f  
degree  o f  r e a c t i o n  a l o n g  b l ade  

l e n g t h  

ments have been made, b u t ,  t o g e t h e r  
w i t h  expe r i ence  i n  t h e  des ign  ar.d development o f  t u r b i n e s  and expe r i -  
mental  v e r i f i c a t i o n  on gas - tu rb ine  e n g i n e s ,  L.ley 1eE.d t o  t h e  coriclu- 
s i o n  t h a t  t h e  h l g h e s t  e f f i c i e n c y  o f  s t a g e s  w i t h  DIJ/hb = 4 - 7 I s  ob- 

t a l n e d  when t h e  swirl v a r i a t i o n  i s  cIose t o  t h e  c o n s t a n t  c i r c u l a t i o n  
law. Therefore ,  t h e  exponent m i s  u s u a l l y  t aken  t o  be c l o s e  t o  $2. 

i 
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F i g u r e  4 .11 .  V a r i a t i o n  o f  flow a n g l e s  and 
v e l o c i t i e s  as f u n c t i o n  o f  exponent m 

k 
5 4.3. Determina t ion  o f  S tage  Flow Parameters 

a t  t n e  Iniler end W t e r  Radii -- 

After a n a l y z i n g  t h e  t u r b i n e  a t  the mean r a d i u s ,  we s e l e c t  t h c  
va lue  of' t he  exponent m (law of  f low parameter d i z t r i b b t i o n  a long  t h e  
r a d i u s )  and determine t h e  f low parameters a t  t h e  blade r o o t  and t i p .  
Usual iv ,  t h e  gasdynamic des ign  of  t h e  s t a g e  i s  made a t  t h e  mean, 
r o o t ,  and t i p  se,Lions. 

I 

Using the e q u a t i o n s  ob ta ined  i n  t h e  preceding  s e c t i o n ,  we c s l -  
c u l a t e  the  parameters i n  t h e  fo l lowing  sequence: 4 

c i r c u m f e r e n t i a l  v e l o c i t y  component a t  s t a t o r  e x i t :  
'I 

Cu=Ci rm ; 

a x i a l  v e l o c i t y  component a t  s t a t o r  e x i t :  

f low a n g l e  a t  s t a t o r  e x i t :  
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o r :  

I 

1 

1 

i 

4 )  v e l o c i t y  a t  s t a t o r  e x i t :  

5 )  flow a n g l e  a t  r o t o r  e n t r a n c e :  

6 )  r e l a t i v e  v e l o c i t y  a t  r o t o r  e n t r a n c e :  

7 )  s t a t i c  tempera ture  a t  s t a t o r  e x i t :  

8 )  s t a t i c  p r e s s u r e  a t  slcator e x i t :  
k 

4 )  gas t o t a l  t empera ture  based un r e l a t i v e  v e l o c i t y  at 
r o t o r  en t r ance :  

I 
4 T:.= T~ + - 
& 

2-R k- 1 

1 0 )  c i r c u m f e r e n t i a l  component of a b s o l u t e  v e l o c i t y  a t  
r o t o r  e x i t :  

1 

11) axial. v e l o c i t y  component -;-GO: e x i t :  
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o r ,  if w e  take approximately then ,  

f o r  f low wi thout  l o s s e s  (cp=*=.l) w i t h  m = 1: 

1 2 )  flow a n g l e  a t  r o t o r  e x i t  i n  a b s o l u t e  motion: 
%=arc&-: * 

emr 

1 3 )  flow a n g l e  a t  r o t o r  e x i t  w i th  r e s p e c t  t o  r e l a t i v e  v e l o c i t y :  

( 1 4 )  re!-ative v e l o c i t y  a t  r o t o r  e x i t :  

(15) s t a t i c  temperature at ro tor  e x i t :  

i 

1 6 )  s t a t i c  pFess9re a t  r o t o r  e x i t :  

11 8 
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. 17) Mach number based on r e l a t i v e  v e l o c i t y  a t  r o t o r  e x i t :  

For  flow s w i r l  a n g l e s  a t  t h e  stage e x i t  O < 2 ( p  (1:suall.j t h e  

s w i r l  does  no t  exceed 15O j n  a c t u a l  t u r b i n e s ) ,  t h e  p r e s s u r e  g2 v a r i e s  

so l i t t l e  a l o n g  t h e  r ad ius  that  i t  can be t a k e n  t o  t e  Zonstznt  i n  
t u r b i n e  c a l c u l a t i o n s .  Then t h e  c a l c u l a t i o n  s e q u e x e  a f te r  s t e p  19 
will be as 

11' ) 

fo l lows:  

a d i a b a t i c  work of  gas expans ion  i n  t h e  r o t o r :  

12') r e l a t i v e  v e l o c l t y  a t  r o t o r  e x i t :  

13' 1 f low a n g l e  a t  r o t o r  e x i t  based on r e l a t i v e  v e l o c i t y :  

14') 

15' 1 

a x i a l  v e l o c i t y  a t  r o t o r  ex3.t: 

c,=-ssin & 

flow a n g l e  a t  r o t o r  e x i t  based on a b s o l u t e  v e l o c i t y :  

16') a b s o l u t e  v e l o c i t y  a t  r o t o r  e x i t :  

Then T2 and N2 are determined i n  accordance w r t h  steps 15 
and 17 .  

I f  t h e  v e l o c i t y  c o e f f i c l e n t s  4 and $ are s u f f i c i e n t l y  l a r q e  and 
d i f f e r  l i t t l e  from cne a c o t h e r  ( 4  = 0.97 - C.98 and J, = 0.95 - 0.96), 
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i 

t he  h y d r a u l i c  l o s s e s  can be cons ide red  t o  be p r a c t : c a l l y  c o n s t a n t  
a l o n g  t h e  blade l e n g t h  Ik ( r )==mdl .  
e q u a t i o n  t h a t  f o r  '&)-e, w e  will =is0 have c h ( r ) = d ,  i .e.,  

Then it fo l lows  from %he Bernobl'i  / A 0 2  ; 

2 m *  c2 = c 

I n  t h i s  case, the c a l c u l a t i o n  again s i r c p l i f i e s ,  an3  is made as 
fo l lows ,  beginning  w i t h  s t e p  11: 

11") w e  f i n d  t h e  flow a n g l e  a t  :he r o t o r  e x i t  based on t h e  
a b s o l u t e  v e l o c i t y :  

12") t he  a x i a l  v e l o c i t y  at t h e  r o t o r  e x i t :  

Cu-CrQs 

13") t h e  flow a n g l e  a t  t h e  r o t o r  e x i t  based on t h e  r e l a t i v e  
v e l o c i t y :  

1 4 " )  the r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  e x i t :  

Ne t h e n  f i n d  T; and M2 i n  accordance w i t h  steps 1 5  and 17 .  

There i s  no nced t o  de te rmine  TE at v a r i o u s  radii ,  s i n c e  fc? 
L 

L ( r )  =cornsf G (r) =amst. 

The c a l c u l a t i o n  can  b e  cons idered  complete when t h e  a n g l e  a:, 

a t  the  i n n e r  r a d i u s  is  ob ta ined  i n  a c c e p t a b l e  l i m i t s ,  and the  ve lo-  
c i t y  z tOm, .  However, i f  we o b t a i n  m < 6 ,  it is  necessary  t o  reduce  
the  l o a d i n g  c o e f f i c i e n t  a t  t h e  rook seceUion, o r  i n c r e a s e  t h e  degrze  
01' r e a c t i o n  a t  the mean radius ( i f  t h e  v a l u e  of  a2 s t i l l  p e r m i t s  

t h i s ) .  I n  o t h e r  words, we must  unload the  s t a g e  e i t h e r  by r educ ing  
the work LstS i f  the  t u r b i n e  Is m u l t i s t a g e ,  o r  by i n c r e a s i n g  t h e  

diameter . 

120  
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The stage degree of r e a c t i o n  a t  the d e s i g n  rad i i  can be deter- 
1 

i 
mined on t h e  basis of t h e  gas parameter  v a l u e s  o b t a i n e d .  

We can a l s o  f i n d  t h e  r e l a t i o n s h i p  between t h e  degree  of r e a c t i o n  
a t  t h e  mean and i n n e r  r ad i i  so that when d e s i g n i n g  t h e  stage a t  t h e  
mean r a d i u s  w e  can  s e l e c t  the  degree of r e a c t i o n  t o  ensu re  a p o s i t i b -  
va lue  of the  l a t t e r  a t  the r o o t .  If w e  negle: t  t h e  v a r i a t i o n  o f  D, 
a long  t h e  blade l e n g t h ,  we  ?an write: 

From j o i n t  s o l u t i o n  o f  these e q u a l i t i e s ,  w e  o b t a i n :  

p = 1 - (1 - p,j 

I n  t u r n ,  

(4 .22)  

Replacing i n  (4.23) the r a t i o  by i t s  va lue  from (4 .121 ,  
and cons ide r ing  t h a t  CIU-Cimmdir"), and ~ ~ ~ c ~ ~ ~ = = & a m ,  a f t e r  s u b s t i t u t i n g  
(4.23) i n t o  (4.22)  and t r a n s f o r m a t i o n s ,  w e  o b t a i n :  

where 

Tiiking as t h e  l i m i t i n g  case  a t  t h e  i n n e r  r a d i u s  p = 0 ,  we 

o b t a i n  from ( 4 . 2 4 ) :  

t 
% 

O = I - ( l - h ) s  or h = l - - .  I 
8 
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Using t h i s  formula,  w e  can  f i n d  as a f u n c t i o n  o f  @, m, and 5 
the  va lue  of  pm t o  which the  va lue  pi = 0 a t  t h e  b l a d e  r o o t  c o r r e -  

sponds. Th i s  w i l l  b e  the  minlmal a c c e p t a b l e  va lue  of p,. 

However, i t  i s  no t  a d v i s a b l e  i n  p r a c t i c e  t o  des ign  t h e  t u r b i n e  
stage with degree o f  r e a c t i o n  a t  the blade r o o t  s e c t i o n  equa l  t o  z e r o .  

E r r o r s  which are unavoidable  in manufac tur ing  t h e  t u r b i n e s ,  
even w i t h i n  t h e  t o l e r a n c e s  on blade f a b r i c a t i o n  o r  on t h e i r  p o s i t i o n -  
i n g ,  may lead t o  a s i t u a t i o n  i n  which t h e  i n t e r b l a d e  channel  f low 
s e c t i o n  area o f  t he  f i n i s h e d  r o t o r  is  somewhat g r e a t e r  t h a n  the de- 

s i g n  area o r  t h e  same area f o r  t h e  s t a t o r  vanes i s  less t h a n  t h e  de- 

s i g n  v a l u e .  I n  these c a s e s ,  t h e  degree  of r e a c t i o n  a t  t h e  blade r o o t  
s e c t i o n  o f  the  a c t u a l  t u r b i n e  becomes n e g a t i v e  i f  i t  was desg ined  
t o  be e q u a l  t o  zero.  

- 4  I. 

It i s  w e l l  known t h a t  a n e g a t i v e  Cegree of r e a c t i o n ,  even i n  the  

blade r o o t  s e c t i o n s ,  reduces  t u r b i n e  e f f i c i e n c y .  T h i s  i s  exp la ined  
p r i m a r i l y  by d i s r u p t i o n  of  the  d e s i g n  f low i n  t he  r o o t  s e c t i o n s  o f  
the t u r b i n e  stage and sp read ing  o f  t h i s  d i s r u p t i o n  t o  t he  a d j a c e n t  
r e g i o n  a long  the blade l e n g t h  t o  a n  e x t e n t  which i s  g r e a t e r ,  t h e  

more n e g a t i v e  t h e  degree o f  r e a c t i o n ,  i .e . ,  t he  larger the  p o r t i o n  o f  
t he  b lade  a l o n g  the r a d i u s  which o p e r a t e s  i n  t h e  n e g a t i v e  degree  of  
r e a c t i o n  regime. According t o  the  expe r imen ta l  data of [32], i n  
t u r b i n e  s ta tes  w i t h  n e g a t i v e  degree of r e a c t i o n  a t  t h e  r o o t ,  r a i s i n g  /lo4 ; 
o f  t h e  s t r e a m l i n e s  i n  t he  lower p a r t  of  t h e  blade and f low s e p a r a t i o n  
i n  t h e  r e g i o n  n e a r  t he  nub are  observed.  

Moreover, i n  t u r b i n e  s t a g e s  w i t h  z e r o  o r  n e g a t i v e  degree of  re- 
a c t i o n  i n  t h e  b l ade  r o o t  s e c t i o n s ,  r e d u c t i o n  of t h e i r  e f f i c i e n c y  
because o f  p r a c t i c a l l y  unavojdable  a i r  leakage i n t o  t h e  a x i a l  c l e a r -  
ance  between t h e  s t a t o r  and r o t o r  blade rows takes p l a c e  t o  a son- 
s i d e r a b l y  g r e a t e r  degree  t h a n  i n  stages w i t h  p o s i t i v e  degree  of  
r e a c t i o n .  i n  o t h e r  words, these s t a g e s  are more s e n s i t i v e  t o  e n t r y  
i n t o  t h e  flow passage  o f  a i r  s u p p l i e d  e i t h e r  f o r  c o o l i n g  of t h e  r o t o r  
blades and d i sks ,  o r  f o r  reducing  (un load ing)  t h e  ax ia l  f o r c e  a c t i n g  
on t h e  tu rboconpres so r  r o t o r .  Advanced types  o f  l a b b r i n t h  seals  

1 2 2  



1 

i 

t 
', 7 . ,  
. .  

, .  

. ,  

b ~ . . .  .. 

i 
A 

reduce  these leaks, but  do no t  e l i m i n a t e  them e n t i r e l y ,  and t h e y  
s t i l l  have a n e g a t i v e  i n f l u e n c e  on t u r b i n e  e f f i c i e n c y .  The re fo re ,  
when des ign ing  t u r b i n e s ,  t h e  degree  of  r e a c t i o n  i n  t h e  blade r o o t  
s e c t i o n s  must be made p o s i t i v e .  

A p o s i t i v e  degree  of  r e a c t i o n  i n  t h e  blade r o o t  s e c t i o n s ,  pa r t i -  
c u l a r l y  i n  t h e  gasdynamically loaded  stages, o t h e r  c o n d i t i o n s  be ing  
the  same, leads t o  r e d u c t i o n  o f  t he  r e l a t i v e  v e l o c i t y  a t  t he  e n t r a n c e  
t o  t h e  r o t o r  blades, which i n  t h e  r o o t  s e c t i o n s  r eaches  very h igh  

v a l u e s ,  and t o  i n c r e a s e  o f  t h e  gas  f low a n g l e  approaching  t h e  r o t o r  
blades (see F igures  4.5 and 4 . 1 0 ) .  The l a t t e r  f a c i l i t a t e s  b l ade  

p r o f i l i n g  cons ide rab ly ,  p a r t i c u l a r l y  b lades  w i t h  i n t e r n a l  a i r  c o o l i n g .  

The des ign  of  t u r b i n e s  w i t h  p c s i t i v e  degree of r e a c t i o n  i n  t h e  

blade r o o t  s e c t i o n s  encoun te r s  c e r t a i n  d i f f i c u l t i e s  i n  stages w i t h  

r e l a t i v e l y  l o n g  blades. These d i f f i c u l t i e s  can be  overcome by de- 
s i g n i n g  t h e  t u r b i n e  w i t h  reduced g r a d i e n t  of  the  degree  of  r e a c t i o n  
a long  the  blade l e n g t h :  f o r  example, w i t h  c o n s t a n t  o r  n e a r l y  c o n s t a n t  
angle a a l o n g  t h e  blade l e n g t h  (see F i g u r e  4 .101 ,  o r  i n c r e a s e  of t h e  

o v e r a l l  l e v e l  of  t h e  degree o f  r e a c t i o n  i n  t h e  s t a g e ,  i . e . ,  i n c r e a s e  
of t h e  degree of r e a c t i o n  a t  t h e  mean r a d i u s .  The l a t t e r  a l s o  re- 
duces t h e  g r a d i e n t  of  t h e  degree o f  r e a c t i o n  a long  t h e  l e n g t h  and,  
i n  combination w i t h  some d e v i a t i o n  from t h e  law o f  c o n s t a n t  c i r c u l a -  
t i o n ,  i n  the d i r e c t i o n  of t h e  c o n s t a n t  a n g l e  a l ,  p r a c t i c a l l y  r e s o l v e s  

the  problem o f  des ign ing  a i r c r a f t  engine  t u r b i n e s  w i t h  p o s i t i v e  
degree  o f  r e a c t i o n  a long  t h e  e n t i r e  b lade  l e n g t h .  

1 

Other  c o n d i t i o n s  be ing  t h e  same, t h e  h i g h e r  t h e  o v e r a l l  l e v e l  ~f 

t h e  degree  of r e a c t i o n  i n  t h e  stage,  t h e  l a r g e r  w i l l  b e  t h e  f low de- 
f l e c t i o n  a t  t h e  stage e x i t  from t h e  a x i a l  d i r e c t i o n .  I f  t h i s  occu r s  
i n  t h e  l a s t  t u r b i n e  stage,  t h e  vanes p r e s e n t  i n  t h e  p o s t - t u r b i n e  d i f -  

f u s e r  are used t o  i m p a r t  a n  a x i a l  d i r e c t i o n  t o  t h e  f low.  To t h i s  

end, these vanes are p r o f i l e d  w i t h  account  f o r  t h e  ?low d i r e c t i o n  
l e a v i n g  t h e  t i i rb ine .  
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Experience shows t h a t  t h e  t u r b i n e  s t a g e  w i t h  r a t i o  o f  mear @la- 
2 
; meter t o  blade l e n g t h  e q u a l  t o  4.5, w i t h  p o s i t i v e  degree of r w i c t l a n ,  

arid wi th  a s t r a i g h t e n i n g  cascade  downstream of  t h e  t u r b l n e  h2.j <::. 

o v e r a l l  e f f i c i e n c y  2.5% higher t h a n  t h e  same stage but  with r o t o r -  
blades f o r  which t h e  degree of r e a c t i o n  i n  t h e  r o o t  s e c t i o n  is nega- / l o 5  . 

t i v e  (-0.12), and the  flow d i r e c t i m  a t  t h e  e x i t  i s  n e a r l y  a x i a l ,  

The formulas  p r e s e n t e d  i n  t he  p r e s e n t  chapter can s e r v e  as t h e  

b a s i c  a l g o r i t h m  i n  f o r m u l a t i n g  the  program f o r  t h e  gasdynamic t u r b i n e  
c a l c u l a t i o n  on a d i g i t a l  computer. It is  a d v i s a b l e  t o  u t i l i z e  the  
high-speed computer c a p a b i l i t i e s  t o  select t h e  parameters d u r i n g  t h e  

a n a l y s i s ,  s o  t h a t  the c a l c u l a t i o n  r e s u l t  w i l l  s a t i s f y  t h e  s p e c i f i e d  
c o n d i t i o n s .  

For example, t h e  d i s t r i b u t i o n  of t h e  a d i a b a t i c  work of  gas ex- 
pans ion  i n  t h e  s t a f c r  vanes and r o t o r  b l a d e s  i s  s e l e c t e d  so  t h a t  t h e  

flow a t  t h e  r o t o r  e x i t  i s  a x i a l  'a=o), o r  t h e  magnitude o f  t h e  degree  
o f  r e a c t i o n  a t  the inner diameter w i l l  b e  F o s i t i v e ;  the d i g i t a l  com- 
p u t e r  can be used t o  de te rmine  t h e  adiabat ic  work o f  gas expans ion  
i n  the s t a t o r  vanes and r o t o r  b lades  f o r  g iven  flow a n g l e s  a t  t h e  

s t a t o r  vane e x i t  a1 and r o t o r  blade e x i t  B 2 ,  and t o  s o l v e  many o t h e r  

problems. The L;se of d i g i t a l  computers f o r  t u r b i n e  gasdynamic c a l -  
c u l a t i m  no t  only r educes  t h e  t i m e  expended on t h e  c a l c u l a t i o n ,  b u t  

a l s o  makes i t  p o s s i b l e  t o  perform pa rame t r i c  t u r b i n e  a n a l y s l s  when 
des ign ing  t h e  engine  i n  o r d e r  t o  s e l e c t  t h e  t u r b i n e  v a r i e n t  which i s  
most r a t i o n a l  f o r  t h e  g iven  c o n d i t i o n s .  

i 
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CHAPTER V 

PROFILING TURBINE BLADES 

5.1. Choice of  Basic  Cascade and P ro f i l e  Parameters  

The p r o f i l i n g  of t u r b i n e  blades reduces  t o  t h e  c o n s t r u c t i o n  of  / l o 6  
s e v e r a l  s e c t i o n s  which d e f i n e  the form o f  t he  p r o f i l e d  p a r t  o f  the 
blade. 

The t u r b i n e  blades must provide  t h e  flow v e l o c i t y  and d i r e c t i o n  
a t  t h e  cascade e x i t  which are s p e c i f i e d  by t h e  gasdynamic a n a l y s i s  
w i t h  minimal h y d r a u l i c  l o s s e s .  A t  t h e  same time, t h e  r o t o r  b l a d e  

geometr ic  form must s a t i s fy  the  requi rements  of  s t r e n g t h  and prod-ici-  
b i l i t y ,  e n s u r i n g  adequate  f a b r i c a t i o n  accuracy  wi th  h i g h  p roduc t ion  
rates.  

S e v e r a l  methods f o r  t h e  des ign  of  hydrodynamic cascades  have 
been developed i n  r e c e n t  y e a r s .  

Some of  these methods p e r m i t  de te rmining  t h e  p r o f i l e  shape which 
p rov ides  a f a v o r a b l e  v e l o c i t y  d i s t r i b u t i o n  ove r  t h e  p r o f i l e  s u r f a c e  
on t h e  b a s i s  o f  s p e c i f i e d  flow c d n d i t i o n s  a t  t h e  cascade  e n t r a n c e  and 
e x i t .  However, these methods do no t  take i n t o  c o n s i d e r a t i o n  t h e  re- 
quirements  of b lade  s t r e n g t h  and p r o d u c i b i l i t y ,  and are  no t  used 
i n  p r a c t i c e .  

125 
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Other methods of  c a l c u l a t i n g  hydrodynamic cascades  make i t  pos- 
s i b l e  t o  f i n d  the  f low c o n d i t i o n s  and e v a l u a t e  t h e  l o s s e s  I n  t h e  cas- 
cade on the  basis o f  t h e  s p e c i f i e d  form o f  t h e  p r o f i l e  i n  a cascade.  
These methods can obvious ly  be used only a f t e r  t h e  p r o f i l e s  a r e  a l -  
ready c o n s t r u c t e d .  

Therefore ,  g r a p h i c a l  methods are u s u a l l y  used i n  , n o f i l i n g  t u r -  
b i n e  b lades .  The i n c r e a s i n g  i n t r o d u c t i o n  of  e l e c t r o n i c  d i g i t a l  com- 
p u t e r s  i n  turbomachine d e s i g n  p r a c t i c e  w i l l  p e r m i t  b roade r  u t i l l z a -  
t i o n  of the a n a l y t i c  t u r b i n e  blade p r o f i l i n g  methods [2, 1 0 ,  1 1 3 .  

1 

The expe r i ence  accumulated i n  t u r b i n e  c o n s t r u c t i o n  and t h e  theo-  
r e t i c a l  and expe r imen ta l  s t u d i e s  o f  t u r b i n e  p r o f i l e s  make it p o s s i b l e  
t o  e s t a b l i s h  f o r  a broad c l a s s  of ca scades ,  c r i t e r i a  which d e f i n e  
cascade o p e r a t i o n a l  e f f i c i e n c y .  These c r i t e r i a  i n c l u d e :  cascade  
s o l i d i t y  ( b / t ) ,  b lade i n c i d e n c e  a n g l e  (1); form of  t he  l i n e s  d e s c r i b -  / l o 7  
i n g  t h e  p r o f i i e ,  shape o f  t h e  i n t e r b l a d e  channel ;  channel  5h roa t  
dimension, ana  2 0  on. 

Adherence t o  t h e  op t ima l  va lues  o f  these c r i t e r i a  makes i t  pos- 
s i b l e  t o  c o n s t r u c t  c o n f i d e n t l y  p r o f i l e s  w i t h  e x c e l l e n t  hydrodynamic 
q u a l i t i e s  [18]. The b a s i c  recommendations on c o n s t r u c t i o n  of t u r b i n e  
b l ade  p r o f i l e s  w i t h  h igh  e f f i c i e n c i e s ,  developed on t h e  b a s l z  of 
expeyimental  and t h e o r e t i c a l  s t u d i e s  o f  v a r i o u s  a u t h o r s ,  redlice t o  
t h e  fo l lowing:  

1. The p r o f i l e  cascade  s o l i d i t y  ( b / t )  should  be as c l o s e  as  
depends on t h e  

o p t  
p o s s i b l e  t o  t h e  opt imal  v a l u e .  The q u a n t i t y  ( b / t )  

f low t u r n i n g  ang le  i n  t h e  cascade ,  cascade  type  ( a c t i v e  o r  r e a c t i v e ) ,  
range  o f  ang le -o f -a t t ack  v a r i a t i o n  du r ing  cascade o > e r a t i o n ,  and s o  on. 

The e m p i r i c a l  formula proposed Sy V .  I .  L j sh levsk iy  can b e  used 
t o  s e l e c t  t h e  cascade s o l i u i t y ,  o r  r e l a t i v e  p i t c h ,  a t  t h e  b l a d e  r o o t  
and mean s e c t i o n s :  

4 
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where E i s  t h e  p 2 o f i l e  r e l a t i v e  t h i c k n e s s .  

z 

The dependence of t h e  f l @ w  t u r n i n g  a n g l e  r-l180-(~1+&) on t h -  

r e l a t i v e  p i t c h  and t h e  a n g l e  6, ( F i g u r e  5 .1)  can a l s o  be  used f o r  

approximate d e t e r m i n a t i o n  of  t h e  cascade s o l i d i t y .  

F igu re  5.1. Flow t u r n i n g  a n g l e  
E i n  cascade as f u n c t i o n  of  
r e l a t i v e  p i t c h  t / b  and the  

a n g l e  B 2  

F i g u r e  5.2.  S t a t o r  cons t ruc -  
t i o n  scheme: 

1 - o u t e r  c a s e ;  2 - s t r u c -  
t u r a l  member; 3 -- vane ; 

4 - i n n e r  case  

However, i n  c o n s t r u c t i n g  a i r c ra f t  gas  t u r b i n e  p r o f i l e  cascades ,  
i t  is  sometimes necessa ry ,  i n  o r d e r  t o  ensu re  t h e  r e q u i r e d  b l a d e  
s t r e n g t h ,  t o  d e v i a t e  from t h e  opt imal  s o l i d i t y  i n  t h e  r o t o r  b lade  

r o o t  s e c t i o n s  and i n c r e a s e  t h e i r  area, wh i l e  t h e  t i p  s e c t i o n  p r o f i l e  
a r e a  i s  made as small as p o s s i b l e ,  d e v i a t i n g  h e r e  i n  t h e  downward 
d i r e c t i m  from t h e  op t ima l  s o l i d i t y .  

I n  t h e  s t a t o r  vanes d e v i a t i o n  from t h e  op t ima l  s o l i d i t y  I s  most 
o f t e n  d i c t a t e d  by vane f a b r i c a t i o n  technology and t h e  s t r u c t u r a l  
t u r b i n e  configuration. For example, i f  s t r u c t u r a l  members p a s s  
through t h e  s t a t o r  vanes (F igu re  5 . 2 ) ,  the  cascade  i s  w i d e r  t h a n  

d 
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d i c t a t e d  by t he  opt imal  chord-to-pi tch r a t i o ,  p a r t i c u l a r l y  a t  t h e  
* 

i 
r o o t  s e c t i o n ,  in '  o r d e r  t o  p rov ide  t h e  p r o f i l e  t h i c k n e s s  r e q u i r e d  
f o r  passage of the  s t r u c t u r a l  member. 

3 

Since  t h e  optimum w i t h  r e s p e c t  t o  s o l i d i t y  has a r e l a t i v e l y  f l a t  
d n a t u r e  fo r  most p r o f i l e  cascades  used i n  a i rc raf t  engine  gas  t u r b i n e s ,  

some d e v i a t i o n  from t h e  opt imal  va lue  of' b / t  does no t  l e a d  t o  marked. 
l o s s e s .  However, r e d u c t i o n  of o / t ,  i n  r e l a t i o n  t o  t he  op t ima l  v a l u e  
11.  l i m i t s  which are a c c e p t a b l e  from t h e  l o s s  viewpoint ,  may l e a d  t o  
d e v i a t i o n  from the  c a l c u l a t e d  f low d i r e c t i o n  a t  t he  cascade  e x i t .  
T h i s  shows up p a r t i c u l a r l y  i n  t h e  rotcjr  cascade  nea r  t h e  p e r i p h e r a l  
blade s e c t i o n s .  

2 .  The i n t e r b l a d e  channel  should  be smoothly convergent .  If 
t h i s  cannot  b e  accomplished, i . e . ,  r e a l i z a t i o n  of a smoothly con- 
verg ing  channel  c o n t r a d i c t s  o t h e r  Important  requi rements  imposed no t  
only by c o n s i d e r a t i o n s  o f  cascade e f f i c i e n c y  (minimal l o s s e s )  b u t ,  
l e t  us  s a y ,  by s t r e n g t h  o r  manufactur ing c o n s i j e r a t i o n s  or, f i n a l l y ,  
some combination of t h e  l a t t e r ,  we can  permit  l o c a l  d ivergence  of  t h e  

i n t e r b l a d e  channel  no t  exzeeding 5%. T h i s  means t h a t  t h e  r a t i o  of 
maximal channel  width t o  minimal channel  wid th  i n  t h e  segment from 
t h e  e n t r a n c e  t o  t he  p o i n t  of  maximal  wid th  should  no t  exceed 1 .05 .  
I n  F igure  3.6b, t h i s  is shown as t h e  r a t i o  o f  a t o  al. 

Local channel  enlargement of  up t o  5% i n  t h e  r e g i o n  o f  maximal 
cu rva tu re  of t h e  back of t h e  p r o f i l e  does not  l e a d  t o  i n c r e a s e  of  
t h e  l o s s e s  i n  t h e  c a s r z d e ,  and expe r i ence  shows t h a t  t h i s  may even 
reduce t h e  l o s s e s  I n  a c t i v e  channels  w i t h  large f l o w  t u r n i n g  a n g l e  
110' - 120' a t  t r a n s o n i c  and supe r son ic  v e l o c i t i e s .  

The channels  should  not  b e  c o n s t r u c t e d  w i t h  cons t an t  w i d t h ,  

s i n c e  because o f  t h e  presence  of manufaczuring d e v i a t i o n s  d u r i n g  
b lade  p roduc t ion ,  t h e  channels  i n  t h e  ccmpleted t a r b i n e s  become d i v e r -  
gent  w i t h  L i e  a i i l i imai  sect iof i  loeatcc? a t  m y  ( a r b i t r a r y )  pnin t .  of  t 
the channel .  It i s  well  kcown t h a t  such channels  have  s i g n i f i c a n t  s ; 

hydrau l i c  losses and do not  provide  t h e  d e s i g n  flow d i r e c t i o n  a t  
t h e  e x i t .  

1 2 8  



3 .  The 
should  be i n  

ang le  of a t t a c k  i (f low a n g l e  apr,A-l-iching t h e  b l a d e )  

t he  range from -2O t o  -6O f o r  r e a c t i v e ,  r e l a t i v e l y  
widely spaced cascades  w i t h  small p r o f i l e  l e a d i n g  edge r a d i u s ,  which 
i s  c h a r a c t e r i s t i c  f o r  r o t o r  b lade  t i p  s e c t i o n s  and I s  encountered  i n  
the l a s t  and n e x t - t o - l a s t  s t a g e  s t a t o r  vanes.  For  t h e  r o o t  s e c t i o n s ,  
where t h e  cascades are r e l a t i v e l y  c l o s e l y  spaced w i t h  q u i t e  l a r g e  
l e a d i n g  edge r a d i u s ,  p o s i t i v e  ang le s  of  a t t a c k  up t o  t 1 2 O  can be  

t o l e r a t e d .  Experience shows t h a t  fo:? comparat ively h igh  i n l e t  gas  
ve1oci';y M1,=0,65-0.70, t h e  r o t o r  b lade  r o o t  s e c t i o n  p r o f i l e  cascades  
have small l o s s e s  a t  p o s i t i v e  ang le s  o f  a t t a c k .  T h i s  s i t u a t i o n  i s  
u t i l i z e d  i n  cascade  p r o f i l i n g  i n  o r d e r  t o  o b t a i n  a converging inte,-- 
blade channel ,  s i n c e  i n  t h e  r o o t  s e c t i o n ,  where pa-"&, t h e  channel  
is d i f f u s i v e ,  even f o r  i = 0'. 

V a r i a t i o n  o f  the a n g l e  of a t t a c k  i n  t h e  l i m i t s  - t l o o  has prac-  
t i c a l l y  no i n f l u e n c e  on t h e  losses i n  t h e  cascade  f o r  s t a t o r  vanoL, 
p a r t i c u l a r l y  t h e  f i r s t  stage vanes which have large l e a d i n g  edge 
radi i  and low i n l e t  v e l o c i t i f  :. 

4. The c u r v a t u r e  o f  t h e  convex s i d e  of  t h e  p r o f i l e  dowmtream 
of  t h e  i n t e r b l a d e  channel  throat  is c h a r a c t e r i z e d  by the  t r a i l i n g  
edge camber a n g l e  6 b  (see F igure  5 . 6 ) ,  which may be i n  t h e  range 
5' - 1 6 O ,  depending on the  gas  f low Mach number M 2  a t  t h e  cascade  

e x i t  (smaller va lue  of  t h e  a n g l e  Sb car respond t o  M2 > 1). 

F igure  5 .3  shows t h e  r e s u l t s  
o f  wind t u n n e l  f low tes t s  of  two 
p lane  cascades  composed of  p r o f i l e s  
w i t h  d i f f e r e n t  a n g l e s  6b. We see 

tha t  f o r  the cascade w i t h  s m a l l e r  
a n g l e  6,, t h e  l o s s e s  f o r  M2 C 1 

i 
P 

- %  
r f  

- 

anti f o r  M 1 . 0  are s i g n i f i c a n t l y  - Figure  5 .3 .  V a r i a t i o n  o f  
c o e f f i c l e n t  $I f o r  p r o f i l e  

P r  
3.ess than  f o r  t h e  cascade  w i t h  

l a r g e r  t r a i l i n g  edge camber a n g l e .  
cascades  w i t h - a n g l e  B, = 31' 

ana d i f f e r e n t  a n g l e s  d b  

i29 
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I n  a d d i t i o n ,  the  v z r i a t i o r i  g f  t h e  i o s s e s  w i t h  v a r i a t i o n  of M2 f o r  t h e  / I 1 0  

f i r s t  cascade i s  smoL.,her t h a n  f o r  the  second cascade;  c o m e q u e n t l y ,  
t h e  former i s  less  s e n s i t i v e  t o  v a r l a t i o n  o f  M2. . /  

II 

However, we si-.ould bear i n  mlnd tha t  f o r  c a x a d e s  composed o f  
p r o f i l e s  w i t h  6 b  5 3 O ,  t h e  i n t e r b l a d e  channels  h s v e a n  excessively small 

degree o f  c o n t r a c t i o n  n e a r  the e x i t  s e c t i o n ,  i . e . ,  ove r  some leng%h 
of  t h e c h a n n e l u p s t r e a m  from t h e  t h r o a t ,  t h e  channel s i z e  v a r i e s  s o  
l i t t l e  that. i n  t h e  a c t u a l  t u r b i n e s  t h e  t h r o a t  d i s p l a c e s  w i t h i n  t h e  
channel  and a d i f f u s i v e  r c s i o n  appears. 

If a cascadc be ing  designed i s  in t ended  f o r  o p e r a t i J n  w i t n  
M2 <, - 0.8, it can b e  made w i t h  t h e  a n g l e  6b  = 12' - 1 4 O .  For cascades  

o p e r e t i n g  wi th  M, > 1, t h e  magnitude of  t h e  ar .gle  6tr can b e  se lected 
c 

mirig t h e  graph o f  6b  = f(M2), o b t a i n e d  

by G .  D. GrodzovsKiy and shown i n  Fig- 
u r e  5 . 4 .  

5. The i n t e r b l a d e  channel  t h r o a t  
width i s  found from t h e  formula:  

a--t sin 81p. 

For subsonic  gas  d i s c h a r g e  v e l o c i t i e s  
I ) ~ p ~ B p l d S ,  where At3 i s  de termined  as a 
f u n c t i o n  of 13, and M2 from t h e  well-known 

curves  of F igu re  5.5.  

low 
'ne 

F igu re  5.4.  Arlgle 
bb ve r sus  M2 a t  fiow 
separa,bion boundary: 

For supe r son ic  d i s c h a r g e  v e l o c i t i e s ,  
t h e  q u a n t i t y  a i s  found from t h e  formula 
u-tq(&)sinfle, where q(b0) I s  found from t h e  gasdynamic f u n c t i o n  t a b l e s  
as a f u n c t i o n  of M2. For  s t a t o r  ca scades ,  a-ttq(Adsinac. 

6 .  The l i n e  d e s c r i b i n g  t h e  convex s i d e  (back)  of t h e  p r o f i l e  
must  have a smooth change -,f t h e  c u r v a t u r e .  I t  w i l l  o f t e n  be  
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1 

convenient  t o  use as t h i s  

l i n e  a segment o f  t he  Ber- 
n o u l l i  l emnisca te  
( ~ = a ) / ~ o s z q ) ,  o r  sometimes 
a p a r a b o l i c  segment when 
there is no s t ra ight  seg- 
ment orh t h e  back n e a r  t h e  
t r a i l i n g  edge. The l a t t e r  
i s  expla ined  by the fact  
t h a t  t he  j u n c t i o n  o f  a 
parabola  wi th  a straight 

- 

I 

F igu re  5.5. Flow lag a n g l e  4b-W l i n e  does not  y i e l d  smooth 
c u r v a t u r e  v a r i a t i o n .  It as f u n c t i o n  o f  Mach number a t  e x i t  f o r  
is not  a lways p o s s i b l e  t o  
form the back of  the  pro- 
f i l e  by a s i n g l e  lemnisca te .  Then w e  can use  two o r  more l emni sca t e s ,  
J o i n i n g  them a t  p o i n t s  of t h e  same c u r v a t u r e .  

2P 
cascades  w i t h  d i f f e r e n t  a n g l e s  6 

7. 

t c j  t he  a n g l e  

t h e  r o o t  s e c t i o n s  of  r o t o r  blades and s t a t o r  vanes,  where t h e  t r a i l -  
i n g  edge r e l a t i v e  t h i c k n e s s  i s  comparat ively large d2/a, where d, = 

2 r2, we =sA? permit  fi2 b(al b )  t o  be somewhat l a r g e r  t h a n  B2(a1). 

T h i s  i s  expla ined  oy t h e  f a c t  t ha t  t h e  l a r g e r  t h e  r a t i o  d2/a, the  

more rFduct ion  o f  B,(a,) i s  observed i n  comparison w i t h  B2 b(al b ) .  

The geometr ic  a n g l e  B, b(al b )  (F igu re  5.6) must be equal 

B2(a1), o r  smaller t h a n  t h e  l a t t e r  by lo - 1.5O. For 

L 

8. The t r a i l i n g  edge taper  a n g l e  $2 should  not  exceed 6 O .  For 

la rger  va lues  of  t h e  a n g l e  +2, t h e  losses i n  t h e  cascade  i n c r e a s e  

markedly because of i n c r e a s e  of  t h e  v e l o c i t y  and t h e  t o t a l  heaa f i e l d  

nonuniformity a t  t h e  cascade e x i t .  T h i s  e f f e c t  i s  p a r t i c u l a r l y  
marked f o r  r e l a t i v e l y  t h i c k  t r a i l i n g  edges (dnloaQ.l), c h a r a c t e r i s t i c  
of t h e  blade r o o t  s e c t i o n s .  

1 3 1  
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9 .  The blade t r a i l i n g  
edges should  be as t h i n  as 

p o s s i b l e ,  s i n c e  t h e  hydra(*- 

l i c  l o s s e s  i n  t h e  cascade 
are d i r e c t l y  p r o p o r t i o n a l  
t o  t h e i r  t h i c k n e s s .  The 
t r a i l i n g  edge r a d i u s  i s  usu- 
a l l y  t aken  i n  t he  l i m i t s  
r ~ =  (0.03-0,08)~,, n e a r  the  

r o o t ,  and f p =  (Q08--0,16)cm~ 
n e a r  the t i p  o f  t h e  blade. 

c 
'yo * 

0 

However, i n  s p i t e  of 
t h i s  it is sometimes s t i l l  
necessa ry  t o  make t h e  
t r a i l i n g  edges q u i t e  t h i c k  
from c o n s i d e r a t i o n s  of 
s t r e n g t h  and f a b r i c a t i o n  

Y?> - 

Figure  5.6. Geometrlc parameters  o f  
cascade  and p r o f i l e  

fechnology.  Therefore ,  t h e  q u e s t i o n  of edge th+ckr.ess s e l e c t i o n  must 
be r e s o l v e d  i n  each  s p e c i f i c  blade d e s i g n  case. I n  a l l  c a s e s ,  w e  
must make c e r t a i n  t h a t  t he  r o t o r  blade t r a i l i n g  edge t h i c k n e s s  ( t h i s  

a l s o  a p p l i e s  t o  t h e  l e a d i n &  edge )  d e c r e a s e s  from t h e  r o o t  s e c t i o n  
toward t h e  t i p  s e c t i o n  enough t o  p rec lude  t h i n n i n g  o f  the  edge i n  t h e  

lower- lying s e c t i o n s  w i t h  account  f o r  f a b r i c a t i o n  t o l e r a n c e s .  I n  
t h i s  way, w e  e l i m i n a t e  one of  the  r easons  f o r  i n s t a b i l i t y  of t he  

f i n i s h e d  blade frequency c h a r a c t e r i s t i c s ,  which i s  impor tan t  from the  

viewpoint  of  t h e i r  dynamic s t r e n g t h .  

Blade s t r e n g t h  c o n s i d e r a t i o n s  de te rmine  bo th  t h e  s e c t i o n  dimen- 
s i o n s  and the  r e l a t i v e  blade p o s i t i o n i n g ,  on which depends t o  P con- 
s i d e r a b l e  degree the  magnitude o f  t h e  bending stresses i n  t h e  pro- 
f i l e d  part  which a r e  n o t  compensated by t h e  c e n t r i f u g a l  f o r c e s .  

Usual ly ,  good compensation can b e  ach ieved  w i t h  a b l a d e  shape 
i n  which the s e c t i o n  c e n t e r s  of  g r a v i t y  are l o c a t e d  on a s t r a i g h t  
o r  n e a r l y  s t r a igh t  l i n e .  
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I n  a d d i t i o n  t o  having  gooc Aerodynamic and strength p r o p e r t i e s ,  
the t u r b i n e  blades must be easy t o  manufacture .  T h i s  q u a l i t y  i s  very  
impor t an t ,  s i n c e  a c o n s i d e r a b l e  p o r t i o n  o f  the  l a b o r  involved  I n  gas 
t u r b i n e  eng ine  manufacture  i s  expended on the  t u r b i n e  and s o n p r e s s o r  
blades. Therefore ,  blade p r o f i l i n g  must be pe r fo rned  wi th  account  
for the t echn ique  by which t h e y  w i l l  be f a b r i c a t e d .  

Many blade f a b r i c a t i o n  t echn iques  now used have a d e f i n i t e  i n -  
f l u e n c e  on t h e  form o f  the  p r o f i l e d  p a r t  and on t h e  s e c t i o a  con- 
s t r u c t i o n  p rocess .  

These t echn iques  i n c l u d e  the  methods fcr o b t a i n i n g  b l ades  wi th -  

o u t  any m c h i n i n g  o f  t h e  p r o f i l e d  p a r t  ( f o r  example, by p r e c i s i o n  
c a s t i n g ,  stamping, e l z c t r o c h e m i c a l  and e l e c t r o s p a r k  machining, and 
so on) ,  and a l s o  m a h i n i n g  w i t h  t h e  use  of three-dimensional  dup l i - a -  
t i o n .  When us ing  these f a b r i c a t i o n  ;ec!?r_fques, no special  technolo-  
g i c a l  requi rements  are imposed on t h ?  form o f  t h e  p r o f i l e d  p a r t  s u r -  /113 
faces. I n  t h i s  case, t h e  d e s i g n e r  has r e l a t i v e  freedom i n  s e l e c t i n g  
t h e  p r o f i l e  form for the  v a r i o u s  blade s e c t i o n s .  

Horever, when a e s l g n i n g  blaws.  i t  i s  not  always p o s s i b l e  t o  
s a t i c f y  completely a l l  the aSovk- l i s t ed  r equ i r emen t s .  For example ,  
it may o f t e n  be d i f f i c u l t  t o  b o t a i n  t he  b l ade  r o o t  s e c t i o n  p r o f i l e  
a r e a s  d ic ta ted  by t h e  s t r e n g t h  requiFements .  Conversely,  t h e  r o t o r  
b l ade  t i p  s e c t i o n  p r o f i l e  area f o r  minimal a c c e p t a b l e  cascade s o l i d i t y  
i s  determined by the p r o f i l e  t h i c k n e s s ,  and r educ t lo r .  of t h i s  t h i c k -  
nes s  i s  l i m i t e d ,  i n  t u r n ,  by c o n s i d e r a t l o n s  o f  niaterial s t r u c t t i r a l  
s t r e n g t h  and b lade  f a b r i c a t i o n  technology.  It i.3 n o t  recommended 
t h a t  t h e  p r o f i l e  r e l a t i v e  t h i c k n e s s  ( r a t i o  of p r o f i l e  maximal t h i c k -  
ness  t o  chord)  z=cma& b e  less t h a n  11.58, s i n c e  e x p e r i e n c e  i n  gas 
t u r b i n e  development and o;eratlor, shows t h a t  r o t o r  blade t i p  - e c t i o n  
p r D f i l e s  w i t h  less r e l a t i v e  t h i c k n e s s  are s u b j e c t  t o  a mu.ch g r e a t e r  
degree t h a n  othezs  t o  f a i l u r e s  from high-frequency mode r e sonan t  
v i b r a t i o n s .  Thus ,  t h e  t i p  s e c t i o n  p r o f i l e  area f o r  t h e  b l a d e  be ing  
designed i s  e s s e n t i a l l y  already s p e c i f i e d ,  and, s i n c e  the  u p p e r  a n d  
lower s e c t i o n  a r e a  r a t i o  i s  a l s o  s p e c i f i e d  by t h e  magnithde of t h e  

a l lowab le  t e n s i l e  stresses ( u t ) ,  i n  e s sence  the minimal r o o t  s e c t i o n  
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p r o f i l e  area is defined. However, i f  it i s  no t  p o s s i S i e  t o  o b t a i n  
the r e q u i r e d  area i n  the  l i m i t s  a l lowed by t h e  cascade s o l i d i t y  
(fwther i n c r e a s e  o f  the s o l i d i t y  leads t o  c o n s i d e r a b l e  i n c r e a s e  o f  
the l o s s e s )  and the maximal p r o f i l e  t h i c k n e s s ,  f o r  which the  i n t e r -  
b l a d e  channel  s e c t i o n  (&=&a), t h e n  w e  n u s t  i n c r e a s e  cmax by reduc- 

i n g  t h e  channel t h r o a t  s e c t i o n .  Then s i n c e  a;<u. 

If (a-u,)/us4%, and i f  t h i s  r e d u c t i o n  o f  t he  flow s e c t i o n  area 
i n  t he  r o o t  p a r t  i s  compensated by cor responding  i n c r e a s e  o f  t h e  f low 
s e c t i o n  area i n  o t h e r  s e c t i o n s  o f  t h e  blade, expe r i ence  shows the% 
the r e s u l t i n g  f low r e s t r u c t u r i n g  ( i n  comparison w i t h  t h e  t h e o r e t i c a l  
f l o w  s t r u c t u r e )  does n o t  lead t o  marked l o s s e s  i n  t h e  stage. For  
t h i s  case ,  F i g u r e  5.7 snows She exper i -  
menta l  r e l a t i o n  r15 = f(um/cad) f o r  a 

t u r b i n e  stage wi th  D m h !  = 5.6; hb - - 

100 mm and al = 2 2 O .  

I n  many c a s e s ,  w e  a l s o  encounter  
d i f f i c u l t y  i n  p r o f i l i n g  the  s t a t o r  cas- 
cade, i n  which c e r t a i n  a n g l e s  should qr 
be small d b  = 5 - 7O, d 2  2 3 O ,  and t h e  

r e l a t i o n s h i p  o f  the  geDmetric and gas 
a n g l e s  should  be such  t h a t  al 2 al, 

s ime the  smaller t h e  selected 4, i s  

r e l a t i v e  t o  6b, t he  l a r g e r  al i s  

r e l a t i v e  t o  al. 

Many such examples can be  c i t e d .  Th 7 

v BJ 4‘ qs 

--- 
cad 

Figure  5.7. Turb ine  
e f f i c i e n c y  as f u n c t i o n  

i n d i  

o f  ;/Cad 

a t e  t h a t  ne r l Y  
every  a i r c r a f t  engine  gas t u r b i n e  s t a t o r  vane o r  r o t o r  b l ade  d e s i g n  
is a compromise s o l u t i o n  of t h e  pmblems p r e s e n t e d  by t h e  r e q u i r e -  
ments  of gasdynamics, s t r e n g t h ,  and f a b r i c a t i o n  technology.  P r e f e r -  
ence i s  g iven  t o  c e r t a i n  o f  t h e  requi rements  l i s t e d  above, depending 
on the  t u r b i n e  a p p l i c a t i o n ,  i t s  o p e r a t i n g  c o n d i t i o n s ,  and t h e  miss ion  
o f  t h e  gas t u r b i n e  engine  as a whole. T h i s  a l s o  e x p l a i n s  why i t  i s  
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no t  p o s s i b l e  i n  p r a c t i c e  t o  app ly  d i r e c t l y  i n  a new t u r b i n e  des ign  

z a t i o n s ,  no matter how e f f e c t i v e  they  may be. They can o n l y  s e r v e  
as p r o t o t y p e s  o r  models, i n d i c a t i n g  f o r  a giver; s p e c i f i c  c a s e  what 
means can  be used t o  improve p r o f i l e  aerodynamic e f f i c l e n c y .  

t he  prof i le  cascades  which have been developed by t h e  r e s e a r c h  organi -  4 

5.2. Blade P r o f i l e  Cons t ruc t ion  

The f o l l o w i n g  basic data must b e  a v a i l a b l e  i n  order t o  c o n s t r u c t  
the  t u r b i n e  s t a t o r  vane and r o t o r  blade p r o f i l e s .  

1. Turbine  flow passage scheme i n  the  mer id iona l  s e c t i o n  w i t h  

the blade width and number s e l e c t e d  on t h e  basis o f  p re l imina ry  gas- 
dynamic and s t r e n g t h  c a l c u l a t i o n s .  

2. Turbine gas dynamic a n a l y s i s ,  i n c l u d i n g  c a l c u l a t i o r ,  o f  t h e  
v e l o c i t y  t r i a n g l e s  a t  three diameters ( r o o t ,  mean, and t i p ) .  

3.  Law of blade p r o f i l e  s e c t i o n  area v a r i a t i o n  a l o n g  t h e  b l ade  

l eng th .  

4 .  S t r u c t u r a l  requi rements  which a f f e c t  t h e  p r o f i l e  shape.  For 
exmiple,  n e c e s s i t y  f o r  t h e  passage of  s t r u c t u r a l  members o r  fue l  and 
o i l  l i n e s  through %ne s t a t o r  vanes w i t h  i n d i c a t i o n  of t h e  minimal 
dimensions which the  vane c r o s s  s e c t i o n  must have; presence  of  r o t o r  /115 
blade banding -wire o r  w i t h  t h e  use o f  shrouds ;  minimal a c c e p t a b l e  
s t a t o r  vane and r o t o r  blade t r a i l i n g  edge t h i c k n e s s ,  e t c .  

5. Blade and vane f a b r i c a t i o n  t echn iques .  

On the  basis o f  these data, w e  p l o t  fo r  each b l a d e  curves  
(F igu res  5.8 and 5.9) o f  radial  v a r i a t i o n  o f  t h e :  

a )  blade p i t c h ;  
b )  p r o f i l e  a r e a  ( f o r  t h e  r o t o r  b l a d e s ) ;  

c )  d imens ionless  v e l o c i t i e s  &&, 
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a - 
d )  a n g l e s  B,, B,, P - ' 2  ef(ao2 1 e f ) ,  
e )  i n t e r b l a d e  channel  t h r o a t  wid th  a. 

We sha l l  p r e s e n t  t h e  f u r t h e r  d e s c r i p t i o n  of  t h e  p r o f i l e  con- 
s t r u c t i o n  sequence i n  a p p l i c a t i o n  t o  the  r o t o r  blade. 

F igu re  5.8. V a r i a t i o n  of M1 Figure  5.9. V a r i a t i o n  of  M2 
ar5 a n g l e s  a and al ef a l o n g  and a n g l e s  B1, e,, B, ef a l o n g  

blade l e n g t h  blade l e n g t h  

We break  t h e  blade l e n g t h  down i n t o  
s e v e r a l  s e c t i o n s  (F igu re  5 .10)  and, i n  ac- 
cordance wi th  the r a d i u s  a t  whj.ch the  p a r t i -  
c u l a r  s e c t i o n  is l o c a t e d ,  we p l o t  them on all 
t he  graphs c o n s t r u c t e d  above. 

\ 

We take t h e  r o o t  s e c t i o n  a t  a d i s t a n c e  
2 - 3 mm from the beginning  of  t h e  t r a n s i -  
t i o n a l  f i l l e t  from t h e  blade airfoil t o  t h e  
p l a t f o r m .  This  i s  dcne s o  t h a t  we can moni- 
t o r  p r o f i l e  f a b r i c a t i o n  accuracy .  

F i g u r e  5.10. A r -  

The s i ze  of  the  t r a n s i t i o n a l  f i l l e t  i s  rangement o f  co- 
o r d i n a t e  sxes and 

t aken  as a f u n c t i o n  of  t h e  b l a d e  f a b r i c a t i o n  s p e c i f i e d  b l ade  
s e c t i o n s  technique  and blade dimensions.  F igure  5.11 

shows t h e  n a t u r e  o f  t h e  dependence of t h e  

f i l l e t  r a d i u s  on t h e  blade a i r f o i l  l e n g t h .  
These data can be used i n  p r o f i l i n g  t h e  b l a d e s .  



I 

The upper s e c t i o n  I - I (see 
F igure  5.10) i s  t a k e n  2 - 3 mm 

below the b l a d e  t i p .  The remain- 
i n g  s e c t i o n s  are l o c a t e d  a t  e q u a l  
d i s t a n c e s  from one a n o t h e r  be- 

tween the  lower and upper  s e c t i o n s .  

I 

/116 

F igu re  5.11. F i l l e t  r a d i u s  Three o r  f i v e  s e c t i o n s  are t aken  
f o r  t h e  s t a t o r  vanes,  and no less  ( r f )  ve r sus  b l a d e  l e n g t h  ( h b ) :  

a - machined; b - investment  t h a n  f i v e  f o r  the  r o t o r  b lades .  

Experierice shows t h a t  f o r  re l iab le  c a s e ;  o - r o t o r  blades;  0- 

checking of  r o t o r  blade f a b r i c a -  
t i o n  accuracy ,  t h e  maximal d i s -  

t a n c e  be tdeen  two ne ighbor ing  s e c t i o n s  should  no t  exceed 25 mm. T h i s  
a l s o  a p p l i e s  t o  the r e l a t i v e l y  long  ( t w i s t e d )  l a s t - s t a g e  s t a to r  vanes 
w i t h  a s e c t i o n  which i s  v a r i a b l e  a l o n g  t h e  b l a d e  l eng th .  

s t a t o r  vanes 

Therefore ,  when p r o f i l i n g  long  blades (hb  > 100  mm), t h e  number 

o f  s e c t i o n s  f o r  which t h e  p r o f i l e  dimensions m u s t  be s p e c i f i e d  w i l l  
be  more than f i v e .  

The number o f  s e c t i o n s  i s  a lways  odd i n  o r d e r  t h a t  t h e  middle 
s e c t i o n ,  on t h e  basis of which we can judge  du r ing  p r o f i l i n g  t h e  ex- 
t e n t  t o  which t h e  law of  c r o s s  s e c t i o n  v a r i a t i o n  a long  t h e  b lade  

l e n g t h  d i f f e r s  from t h e  s p e c i f i e d  law, w i l l  b e  a t  t h e  midpoint of  
t h e  b l a d e .  I n  o r d e r  t o  work ou t  t h e  b lade  f a b r i c a t i o n  technology,  
t h e  p r o f i l e s  o f  two a d d i t i o n a l  s e c t i o n s  o u t s i d e  t h e  p r o f i l e d  p a r t  of  
t h e  b l a d e  ( a i r f o i l ) ,  l o c a t e d  above t h e  t i p  s e c t i o n  and below t h e  r o o t  
s e c t i o n ,  are c o n s t r u c t e d  and s p e c i f i e d  on t h e  drawing f o r  in fo rma t ion .  
These are c a l l e d  t e c h n o l o g i c a l  s e c t i o n s .  

We noted  above that  both  a n a l y t i c  and g r a p h i c a l  b l a d e  p r o f i l e  

c o n s t r u c t i o n  methods are used a t  t h e  p r e s e n t  t ime.  

2 
3 

The essence  of t h e  a n a l y t i c  p r o f i l e  cons t ruc t !on  method l i e s  i n  
d e s c r i b i n g  t h e  curves  forming t h e  b l a d e  p r o f i l e s  (concave and  convex 
s ides)  by a n  n t h  degree polynomial ( n  = 5 - 7 ) ,  whoce c o e f f i c i e n t s  I ? 

4 
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are found from the  boundary c o n d i t i o n s  which 
requi rements  of hydrodynamics, s t r e n g t h ,  and 
nology. This  makes it  p o s s i b l e  t o  de te rmine  

a r e  determined by t h e  

blade f a b r i c a t i o n  tech- 
a n z l y t i c a l l y ,  i . e . ,  

c a l c u h t e ,  t h e  c o o r d i n a t e s  of  t h e  blade p r o f i l e  p o i n t s  which are 
v p e c i f i e d b y t h e  drawing and are  necassa ry  f o r  f a b r i c a t i o n  o f  t h e  

b lades .  Here, use is made o f  high-speed computers [ 2 ,  10,  1 1 3 .  Ex- 
p e r i e n c e  I n  a p p l i c a t i o n  of  t h i s  method f o r  p r o f i l i r i g  a i r c r a f t  eng ine  
t u r b i n e  b l a d e s  has shown i t s  p r a c t i c a l  u s e f u l n e s s .  

We s h a l l  examilie only tile g r a p h i c a l  p r o f i l e  c o n s t r c c t i o n  t ech -  
n iques  i n  which the  back s ide  o f  t h e  p r o f i l e  i s  described by a r c s  o f  
l emni sca t e s  or parabo las  and t h e  concave s ide  i s  d e s c r i b e d  by a r c s  o f  
a c i r c l e  or parabo la  o r  also by a l e m n i s c a t e ,  i .e . ,  by a n  e s s e n t i a l l y  
a r b i t r a r y  curve.  

Before drawing the p r o f i l e s  themselves ,  w e  must (If we do no t  
hake a se t  of  l emni sca t e  French c u r v e s )  c o n s t r u c t  on a sheet o f  heavy 
paper a f a m i l y  of  lemniscates w i t h  d i f f e r e n t  p o l e  d i s t a n c e ,  whose 
dimension i n  millimeters i s  used t o  number the CorresFonding 
l emni sca t e  (F igu re  5 . 1 2 ) .  
For  example ,  t h e  lemnis- 
c a t e  w i t h  p o l e  d i s t a n c e  
20 mm w i l l  b e  No. 20,  
whi le  t ha t  w i t h  p o l e  dis-  
t a n c e  80 mm w i l l  b e  No. 
80. The scale o f  t h e s e  
l emni sca t e s  u s u a l l y  c o r r e -  
sponds t o  t h e  s c a l e  i n  
which the  p r o f i l e s  are 
c o n s t r u c t e d .  Normally, F igu re  5.12. Lemniscates 

t h i s  is a t en - fo ld  s c a l e .  
The c o n s t r u c t e d  l emni sca t e  f a m i l y  i s  e s s e n t i a l l y  a template w i t h  

which w e  can redraw on to  parchment o r  t r a c i n g  paper  any l emni sca t e  
necessary  f o r  forming t h e  back s i d e  o f  t h e  p r o f i l e .  
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The p r o f i l e  i s  drawn i n  t h e  fo l lowing  sequence. 

1. We draw two p a r a l l e l  l i n e s  AB and C D  a t  a d i s t a n c e  e q u a l  t o  
t h e  cascade w i d t h  s (see F igures  5.6, 5.13, 5 .14) .  Two c i r c l e s  t an -  
gent  t o  t h e  l i n e  AB are drawn w i t h  r a d i u s  r2  = d2/2 (r2 = 0 . 3  - 1 . 0  

mm) a t  t h e  p i t c h  d i s t a n c e  t .  Throtigh t h e  c e n t e r s  of t h e s e  c i r c l e s  m a  
O2 and 0;  a t  t h e  a n g l e  B 2  b, we draw t h e  s t r a i g h t  l i n e s  mn ( t r a i l i n g  

edge c e n t e r l i n e s ) .  

draw t a n g e n t s  t o  t h e  c i r c l e  d e s c r i b i n g  t h e  t r a i l i r l g  edge m f N  and mhu. 

A t  t h e  a n g l e  $*/2 t o  these s t r a i g h t  l i n e s ,  w e  

k a >  

Figure  5 . 1 3 .  Cons t ruc t ion  o f  b l a d e  p r o f i l e :  
a - u s i n g  l emni sca t e  a r c s  ( b a c k )  and  c i r c u l a r  a r c s  

( f r o n t  1; b - m i n t  parabol i :  a rcs  
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p o i n t s  o f  tangency f and h are 
end p o i n t s  of t h e  p r o f i l e  convex 
concave s u r f a c e s .  

2. We f i n d  the  i n t e r b l a d e  chan- 
t h r o a t  width u s i n g  t h e  formula 

6-fsin-G . 
from t h e  p o i r t  O2 d e f i n i n g  t h e  i n t e r -  

blade channel  e x i t  s e c t i o n .  

With t h e  r a d i u s  r2 + a 

3 .  We s e l e c t  t h e  p r o f i l e  back 
s ide a f t  segment camber a n g l e  bb 

;bb = 8 - l o o ,  bu t  no more than  15") .  
We draw a t angen t  t o  t h e  c i r c u l a r  
a r c  of r a d i u s  (r2 + a )  a t  a n  a n g l e  

e q u a i  tc, f32 - $2/2 + d b  t o  t h e  l i n e  

tr. l i n e  sea. 
Pole o f  L2 

F i g u r e  5.14. Symmetric 
( l e m n i s c a t e )  p r o f i l e  cas- 

cade 

AB. The back s ide  of  t h e  pro- 

f i l e  must pas s  through the  p o i n t  o f  tangency p .  

4 .  We c o n s t r u c t  the v e l o c i t y  diagram. We draw t h e  geometr ic  

mean v e l o c i t y  v e c t o r  sm=-(&+G2) , and de termine  t h e  s l o p e  f3, of 

the  geometr ic  mean v e l o c i t y .  We take t h e  magnitude o f  t h i s  a n g l e  as 
t h e  p - o f i l e  s e t t i n g  a n g l e  i n  t h e  cascade  a=&,,*. 

! 
2 

5.Through a p o i n t  q ( p o i n t  o f  i n t e r s e c t i o n  o f  t h e  l i n e s  mr, and 
A B ) ,  we draw a t  t h e  a n g l e  d a s t r a i g h t  l i n e  t o  i n t e r s e c t  t h e  l i n e  CD.  
From t h e  c e n t e r  0; w i t h  r a d i u s  rl, we draw t h e  leading-edge c i r c l e ,  

t angen t  t o  t h e  cascade f r o n t  C D .  The leading-edge r a d i u s  rl i s  taken  

i n  t h e  l i m i t s  ( 0 . 1 2  - 0 . 1 5 ) ~ ~ ~ ~  i n  the s t a t o r  vanes and i n  t h e  r o t o r  

blade r o o t  s e c t i o n s ,  t h e  va lue  (u.3 - 0 . 4 ) ~ ~ ~ ~  i s  t aken  i n  the r o t o r  
b l a d e  t i p  s e c t i o n s .  \ 

it 
S t a t i s t i c a l  data show t h a t  e-B. only  f o r  t h e  mean and t i p  b l ade  

s e c t i o n s .  For r o t o r  b l a d e  r o o t  s e c t i o n s ,  v = ( ~ ) @ , , .  For s t a t o r  
vanes w i t h  a n g l e  Q C ~  e==Bm+(8-W . 
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6 .  Through t h e  c e n t e r  of t h e  c i r c l e  O1 we draw t h e  l i n e  OIF 

a t  t h e  ang le  6, 

c l e  o f  Fadius  rl at  t h e  a n g l e  4)1/2 t o  t h e  i i n e  OIF. 

t o  the l i n e  CD. Then we draw t a n g e n t s  t o  t h e  c i r -  

The l e a d i n g  edge 

t a p e r  a n g l e  $1 v a r i e s  i n  t h e  l imi t s  4)1 = 1 0  - 30'. 
of  @ l  pe r t . a in  t o  t h e  blade r o o t  s e c t i o n s .  The p o i n t s  of tangency g 

and 2 t o  t h e  c i r c l e  of r a d i u s  r1 are t h e  i n i t i h l  p o i n t s  of  the pro- 

f i l e  convex and concave con tour s .  

The larger  v a l u e s  

7. Using t h e  t r a c i n g  paper w i t h  t h e  lemnizca te  cu rves ,  we 
s e l e c k  t h e  l emni sca t e  a r c  so t h a t  i t s  s t r a igh t  segment c o i n c i d e s  w i t h  

t he  l i n e  m f N ,  t angen t  t o  t h e  c i r c l e  of  r a d i u s  r2, and t h e  l emni sca t e  

curve i t s e l f  c o n t a c t s  t h e  a r c  of  r a d i u s  r2 + a a t  t h e  p o i n t  p ,  2nd is  

t angen t  t o  t h e  l i n e  kgN. Here, w e  must f i n d  t h a t  p o s i t i o n  o f  t h e  
l emni sca t e  f o r  which t h e  r e q u i r e d  a n g l e  6 b  i s  ob ta lned .  

I f  it i s  n o t  p o s s i b l e  t o  d e s c r i b e  t h e  back s ide  of  t h e  p r o f i l e  
by a s i n g l e  l emni sca t e ,  we can u s e  two o r  th ree  l emni sca t e s ,  j o i n i n g  
them a t  p o i n t s  o f  e q u a l  c u r v a t u r e .  

The back s ide  of  a c t i v e  symmetric p r o f i l e s  can be d e s c r i b e d  by /120  

a s i n g l e  l emni sca t e  w i t h  two mirror-image p o s i t i o n s  (see F igure  5 .14) .  

8. We c o n s t r u c t  t h e  concave s i d e  of t h e  p r o f i l e .  I t  i s  de- 
s c r i b e d  by an  a r b i t r a r y  curv? ( c i r c l e ,  combination o f  s e v e r a l  c i r c l e s ,  
l emni sca t e ,  pa rabo la ,  o r  s i m p l y  7. Frrnch-curve s h a p e )  which forms an 
i n t e r b l a d e  channel  o f  t h e  d e s i r e d  form ar.d r e q u i r e d  p r o f i l e  area. 

Let us examine the c o n s t r u c t i o n  of  t h e  concave s i d e  of  t h e  

p r o f i l e  us ing  two c i r c u l a r  a r c s .  

From p o i n t  E a s  t h e  c e n t e r ,  we d e s c r i b e  a c i r c l e  of  d iameter  
(maximal  p r o f i l e  t h i c k n e s s ) ,  t angen t  t o  t h e  back of t h e  p r o f i l e  'max 

a t  t h e  d i s t a n c e  xc = ( 0 . 2 5  - 0.35)b" from t h e  c e n t c r  of t h e  c i r c l e  

*Smaller  va lues  of xc p e r t a i n  t o  t h e  b l a d e  t i p  s e c t i o n s .  
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of r a d i u s  r1 d e s c r i b i n g  the  p r o f i l e  l e a d i n g  edge (see F igure  5 .13) .  

From the  p o i n t  h ,  we e r e c t  a pe rpend icu la r  t o  t h e  i i n e  mhu. S e l e c t -  
i n g  t h e  r a d i u s  Rc,  we d c s c r i b e  from t h e  c e n t e r  0 an  a r c  t angen t  t o  3 
the l i n e  mhu a t  t h e  p o i n t  h and t o  t h c  c i r c l e  o f  diameter cmax. Then, 

from the  p o i n t  2 ,  we e r e c t  a pe rpend icu la r  t o  t h e  l i n e  kZ, whose 
p o i n t  o f  i n t e r s e c t i o n  0' w i t h  t h e  i i n e  0 E w i l l  be t he  c e n t e r  of  t h e  3 3 
a r c  of  r a d i u s  R d ,  which j o i n s  wi th  t h e  a r c  of r a d i u s  Rc and w i t h  t h e  

c i r c l e  of r a d i u s  rl at  t h e  p o i n t  2 .  

1 - 6. We perform t h e  c o n s t r u c t i o n  i n  accordance  w i t h  s t e p s  
1 - 6 of t h e  technique  examined above f o r  c o n s t r u c t i n g  t h e  l emni sca t e  
p r o f i l e .  

7. From p o i n t  02, we draw a n  a r c  of  r a d i u s  r2 t a ,  o r  a c i r c l e  

o f  diameter a (see F igure  5.13b) .  

8 .  We con t inue  the  l i n e s  m f  and kg t o  mutual i n t e r s e c t i o n  a t  
t h e  p o i n t  N .  We c' ' i de  t h e  segments gN arid N f  i n t d  t h e  same number 
of equa l  par ts  and connect  t h e  p o i n t s  of  d i v i s i o n  s e q u e n t i a l l y  w i t h  
one ano the r  as shown i n  F igu re  5.i3. The envelope o f  t h e s e  s t r a i g h t  
l i n e s  i s  t h e n  t h e  sought  p a r a b o l i c  a r c .  

I f  i t  i s  found t h a t  t h e  pa rabo la  c o n s t r u c t e d  i n  t h i s  f a s h i o n  
does n o t  c o n t a c t  t h e  c i r c l e  of diameter a (does no t  pas s  through t h e  

p o i n t  p ) ,  w e  must a l t e r  somewhat t h e  s l o p e  of t h e  l i n e  mN, which re- 
duces t o  va ry ing  t h e  a n g l e s  cSb and $,, o r  we must d e s c r i b e  t h e  back 

s ide  of  t h e  p r o f i l e  by t h e  two p a r a b o l i c  arcs f p  and pg .  When con- 
s t r u c t i n g  t h e  Lack s i d e  us ing  two p a r a b ? l l c  arqs ,  each pa rabo la  Is 
i n s c r i S e d  ana logous ly  i n  t h e  a n g l e s  formed by t h e  segments f d  and dp  

and by t h e  segments p z  and zg, r e s p e c t i v e l y .  
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9. We draw a c i r c l e  of  d iameter  cmax a t  t h e  d i s t a n c e  xc from 

the l e a d i n g  edge. Through t h e  p o i n t  o f  tangency of t h i s  c i r c l e  w i t h  

the back s ide  of  t h e  b lade ,  we draw a diameter and a normal t o  t h e  
diametei- ( t a n g e n t )  a t  t h e  p o i n t  x. We con t inue  t h e  segments kZ and 
mh t o  t h e i r  mutual i n t e r s e c t i o n  a t  the  g o i n t  y .  If i t  i s  found t h a t  
the  t angen t  t o  t h e  c i r c l e  a t  t h e  p o i n t  x d i v i d e s  t h e  segments Zy and 
yh  i n  h a l v e s ,  t he  concGve s ide o f  t h e  p r o f i l e  i s  d e s c r i b e d  by  a 
s i n g l e  parabol ' c  a r c .  I f  each o f  t h e  segments Zy and y h  i s  d iv ided  
i n t o  unequal par ts ,  t h e  concave s i d e  of  t h e  p r o f i l e  i s  c o n s t r u c t e d  
us ing  two p a r a b o l i c  a r c s  Zx and xh by a t echn ique  analogous t o  t h e  
c o n s t r u c t i o n  of the back s i d e  o f  t h e  b l ade  u s i n g  two p a r a b o l i c  a r c s .  

If t h e  area ( o r  E = cmax / b )  and s e c t i o n  center -of -gravi ty  loca-  

t i o n  based on s t r e n g t h  c o n d i t i o n s  are g iven ,  we can vary  t h e  quan t i -  
t i e s  @, b ,  @, b ,  rl, r,, $,, 6 b ,  and a i n  t he  l imi t s  i n d i c a t e d  i n  t h c  

preceGing d i s c u s s i o n  i n  o r d e r  t o  o b t a i n  p r o f i l e s  of  t h e  des i red  form. 

5.3. Matching t h e  I n d i v i d u a l  S e c t i o n  P r o f i l e s  and 
Cons t ruc t ing  t h e  P r o f i l e d  Part o f  t h e  Elade 

After c o n s t r u c t i n g  t h e  r o o t ,  mean, and t i p  s e c t i o n  p r o f i l e  cas- 
cade,  we c o n s t r u c t ,  u s ing  three  p o i n t s ,  t h e  p re l imina ry  graphs  of  
t h e  v a r i a t i o n  a long  t h e  b l ade  l e n g t h  of t h e  q u a n t i t i e s  rl, r2, b ,  s ,  

the  l emni sca t e  po le  d i s t a n c e ,  t h e  d i s t a n c e  o f  t h e  po in t  p f rom tile 
t r a i l i n g  edge, t h e  a n g l e s  B, b ,  B 2  o ,  and t h e  o t h e r  q u a n t i t i e s  re- 

q u i r e d  for c o n s t r u c t i n g  t h e  p r o f i l e .  

With t h e  a id  of these curves  (F igu re  5 .15 ) ,  we d e s c r i b e  t h e  
remaining b lade  s e c t i o n  p r o f i l e s ,  a f t e r  which we use one of  t h e  wel l  
known t echn iques  t o  de te rmine  t h e i r  c e n t e r s  of  g r a v i t y .  T h i s  Is /122  
o f t e n  dc,ie by two- o r  t h r e e - f o l d  suspens ion  o f  a p r o f i l e  c u t  from 
ca--Jboard o r  heavy paper  ;n a needle  w i t h  a plumb bob a t t a c h e d  t o  a * 

v e r t i c a l  board.  
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F igure  5.15. V a r i a t i o n  of p r o f i l e  geometr ic  
c h a r h c t e r i s t i c s  a1or.g b lade  l e n g t h  

I n  the  s e c t i o n  c o n s t r u c t i o n  p rocess ,  t h e i r  c e n t e r s  of  g r a v i t y  
a r e  a d j u s t e d  t o  t he  r e q u i r e d  s o s i t i o n ,  and t h e  cu rves  of t h e  quan t i -  
t i e s  rl, r2, b y  s ,  and s o  on, are  r e f i n e d .  

After drawing a l l  t h e  s e c t i o n s ,  t h e  f:nal s t r e n g t h  c a l c u l a t i o n  
i s  mace, and t h a t  p o s i t i o n  o f  t h z  b l ade  s e c t i o n  , ,nter-of-gi8avity 
l i n e  r e l a t i v e  t o  t h e  d i s k  r a d i u s ,  p a s s i n g  through t h e  r o o t  sectuion 
cen te r -o f -g rav i ty ,  which ensu res  t h e  r e q u i r e d  ;..teract!an of t h e  
aerodyramic and c e n t r i f u g a l  f o r c e s  a[:plied t o  t h e  b l ade ,  i s  found. 

The coord ina te  s y s t e m  i n  which t h e  b l ade  sec:ion prcl ' i les a r e  
s p e c i f i e d  i s  u s u a l l y  s e l e c t e d  s o  t h a t  i t s  o r l g l n  is l o c a t e d  a t t h z  
r o o t  s e c t i o n  cen te r -o f -g rav i ty ,  t h e  X axis l i e s  i n  t h e  p l ane  of  syn- 
m e t r y  of the f i r - t r e e  r e t e l l t i o n ,  and t n e  Z ax i s  i s  d i r e c t e a  as snown 
i n  F igu re  5.10. 

If t h e  b l a d e  does n o t  have a f i r - t r e e  c t y a c h m e n t  and t h e  X axis 
l o c e t i o n  i s  no t  d i c t a t e d  by t e c h n o l o g i c a l  c o n s i d e r a t i o n s ,  i t s  d l r e c -  
t i o n  must b e  s e l e c t e d  s o  t h a t  i t  i s  approximately p a r a l l p l  t o  t h e  

blade mean s e c t i o n  p r o f i l e  chord (see F i g a r e  5 . 6 ) .  
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Thas, from the  blade strength a n a l y s i s  ? e s u l t s ,  w e  draw f o r  
each s e c t i o n  t h e  X anC Y axes ,  r e l a t i v e  t o  which t h e  c o o r d l n a t e s  o f  
t n s  p o i n t s  l y i n g  on the  l i n e s  d e s c r i b i n g  the  p r o f i l e  are measitred. 
The X a x i s  i s  d iv ided  i n t o  e q u a l  parts, t he  d i s t a n c e s  between which 
are determined by the  dimensions o f  t h e  blade be ing  des igned .  These 
d i s t a n c e s  are u s u a l l y  reduced i n  the  ll-.ading edge r e g i o n .  T h i s  is 
expLa 2-3a by the f a c t  tha t ,  i n  the  c a s e  of large leading edge curva- 
t u r e  (small a n g l e s  B1 b ) ,  s p e c i f i c a t i o n  of t h e  l i n e s  d e s c r i b i n g  the  

l e a d i n g  edge r e q u i r e s  smaller d i s t a n c e s  be tkeen  t h e  c o o r d i n a t e s  a l o n g  
the  X a x i s  t h a n  fo- the  r e s t  o f  t h e  p r o f i l e .  

. - 

After measuring t h e  c o o r d i n a t e s ,  we ver i? ,  t h e  leadzng and 
t r a i l i n g  edge f a i r i n g  accuracy .  These p r o f i l e  segments are drawn 
w i t h  cons ide rab le  magn i f i ca t ion ,  u s u a l l y  t o  a s c a l e  o f  50 : 1. 

Smooth v a r i a t i o n  of  t he  c u r v a t u r e  o f  t h e  l i n e s  d e s c r i b i n g  t h e  
back s ide  o f  the p r o f i l e  i s  u s u a l l y  v e r i f i e d  by c z l c u l a t i n g  t h e  sec-  
ond d i f f e r e n c e s  o f  t h e  c o o r d i n a t e s  (F igu re  5.16) ,  which must vary 
smoothly ( t h e  second d e r i v a t i v e  must no t  have d i s c o n t i n u i t i e s ) .  T h i s  
is d m e  because of t h e  f a c t  that i n  t h e  g r a p h i c a l  c o n s t r u c t i o n ,  i n -  
a c c u r a c i e s  may occur  i r i  drawing the  l emni sca t e ,  measuring the  coor- 
d i n a t e s ,  and s o  on, and these i n a c c u r a c i e s  must no t  be p r e s e n t  i n  t h e  
a c t u a l  p r o f i l e .  We see from the  back s i d e  p r o f i l e  c o o r d i n a t e  t a b l e  
how the  A2 values  are c a l c u l a t e d ,  and F igu re  5.16 shows t h e i r  

behavior .  

I n  a d d i t i o n ,  i n  o r d e r  t o  v e r i f y  t h e  e n t i r e  c o n s t r u c t i o n  and t o  
avoid waviness a long  t h e  l e n g t h  o f  t h e  p ro f i l a -3  par t  of  t h e  b l a d e ,  

it is  necessary  t o  c o n s t r u c t  cu rves  o f  t h e  c o o r d i n a t e s  y = f ( x )  f o r  
cons t an t  va lues  of x (F igu re  5 .17) .  These curves  can a l sc  De used 
i n  c o n s t r u c t k g  t h e  p r o f i l e s  of  a d d i t i o n a l  b l ade  s e c t f o n s ,  f o r  
example, t h e  upper and lower t e c h n o l o g i c a l  s e c t i o n  ( b y  e x t r a p o l 2 f i n g  
t h e  c u r v e s ) ,  and ze ro  s e c t i o n  pass ing  through t h e  b l a d e  t i p ,  o r  t h e  
s e c t i o n  n '  a t  which i t  i s  proposed t o  make h o l e s  f o r  wi1.e banding,  
and so on. 
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Figure  5.16. V a r i a t i o n  of second d i f f e r e n c e  of  

Tracslator's n o t e .  Commas i n  numbers r ep re -  

b lade  ccnvex s u r f a c e  p r o f i l e  c o o r d i n a t e s  
* 
s e n t  decimal  p o i n t s .  
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S e c t i o n  S e c t i o n  
F igu re  5.17. V a r i a t i o n  o f  p r o f i l e  convex ana  con- 
cave s u r f h c e  c o o r d i n a t e s  as f u n c t i o n  o f  s e c t l o n  
number ( s e c t i o n s  0 and V I 1 1  are t e c h n o l o g i c a l  

sect  i o n s )  

For  t h i s ,  it I s  s u f f i c i e n t  t c ?  n o t e  t h e  s e c t i o n  of i n t e r e s t  on 
the  Z a x i s  and a t  t h i s  p o i n t  draw v e r t i c a l l y  l i n e s  o f  c o n s t a n t  x,  

r e a d i n g  o u t  on t h e  o r d i n a t e  a x i s  t h e  v a l u e s  of t h e  c o o r d i n a t e  y f o r  
t h e  g iven  x. 

5.4. Techniques f o r  C o n s t t u c t i n g  Blades w i t h  

Machined P r o f i l e d  Part 

I n  t h i s  case, t h e  b l a d e  s u r f a c e s  must have a form which pe rmi t s  
t h e  use of some c a c h i n i n g  scheme. 

I -  

. b  

f 
:i: 

b 
5 

? 
5 

Considerable  use  has been made i n  r e c e n t  years of machining o f  
t he  p r o f i l e d  par t  o f  t h e  blade i n  which t h e  convex (back)  s ide  i s  
machined w i t h  t h e  use  o f  a three-d imens iona l  template, and t h e  con- 
cave ( f a c e )  s ide i s  machined by a c y l i n d r i c a l  o r  shaped c u t t e r  w i t h  

t h e  a i d  cjf one o r  two two-dimensional templates [lS]. 

We shal l  examine t h e  sequence of t u r b i n e  z o t o r  blade s e c t i o n  
p r o f i l e  c o n s t r u c t i o n  f o r  two concave s u r f a c e  machining t echn iques :  

a )  us ing  a c y l i n d r i c a l  c u t t i n g  t o o l  (hobbing c u t t e r )  w i t h  at7 
i 
-i 

t 

adapter having two two-dimensional templates; 

3 x 
b) shaped c u t t i n g  t o o l  w i t h  t h e  use  of  a s i n g l e  two-dimensional 

template. 4 

i 
14 7 

4 
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I n  both c a s e s ,  t h e  back s ide  of t h e  blade i s  mac9ined u s i n g  a 
three-d imens iona l  t e m p l a t e .  

When machining ';he concave s u r f a c e  u s i n g  these schemes, t h e  

c u t t e r  and the  blade are p o s i t i o n e d  r e l a t i v e  t o  one a n o t h e r  so  t h a t  
t he  a n g l e  between the  Y-Z c o o r d i n a t e  p l ane  and t h e  c u t t e r  axis i s  
e q u a l  t o  some va lue  $, which i s  he ld  c o n s t a n t  d u r i n g  s u r f a c e  
g e n e r a t  i on .  

. 

The Y - Z p l ane  is establ ished v e r t i c a l l y  and remains i n  t h i s  1 1 2 5  
p o s i t i o n  d u r i n g  m i l l i n g .  

As t h e  table moves h o r i z o n t a l l y ,  the  b lade  is d i s p l a c e d  i n  t h e  

v e i t i c a l  p l a n e  w i t h  t h e  a i d  o f  one o f  the two-dimensional templates, 
s o  t h a t  t h e  c u t t e r  g e n e r a t e s  t h e  e n t i r e  con- 
cave s u r f a c e  a t  one t i m e  ( F i g u r e  5.18). 

The sequence of t u r b i n e  r o t o r  blade sec- 
t i o n  p r o f i l e  c o n s t r u c t i o n ,  when machining t h e  
concave s u r f a c e  us ing  two two-dimensional 
templates and a c y l i n d r i c a l  c u t t e r , i s  as 
fo l lows .  

1. We o b t a i n  t h e  r o o t  (V - V) and t i p  

( I  - I )  sec+. ion p r o f i l e s  by t h e  t echn ique  de- 

s c r i b e d  abore ,  determine t h e i r  c e n t e r s  of  
g r a v i t y ,  and draw the  p r o f i l e s  as shown i n  
F igu re  5.19. When drawing t h e s e  s e c t i o n  pro- 
f i l e s ,  we must  bea r  i n  mind t h a t  t h e  minimal 
radius o f  c u r v a t u r e  on the  concave s u r f a c e  

er 

l i m i t s  th.e r a d i u s  of t h e  c u t t e r  used t o  F igure  5.18. Ma- 
machine t h i s  s u r f a c e .  The c u t t e r  r a d i u s  must t u a l  p o s i t i o n i n g  

o f  c u t t e r  and 
be  a t  least 2 - 3 min less  t h a n  t h e  minima: b l ade  
r a d i u s  of  c u r v a t u r e  o f  t h e  s u r f a c e  be ing  
machined. 
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F igure  5.19. Cons t ruc t ion  of mean s e c t i o n  
(I11 - 111) concave s u r f a c e  p r o f i l e  when mach- 

i n i n g  us ing  two templates 

2.  After s e l e c t i n g  the  c u t t e r  r a d i u s ,  we c o n s t r u c t  t h e  l i n e s  
I - I, V - V a l o n g  which t h e  c e n t e r s  of t h e  cor responding  c u t t e r  
s e c t i o n s  w i l l  t r a v e l .  

I n  t h e  machining p rocess ,  t h e  p l anes  o f  t h e  s p e c i f i e d  s e c t i c n a  
and t h e  a x i s  of t h e  g e n e r a t i n g  c y l i n d e r  a re  n o t  pe rpend icu la r ,  ana 
t h e  l i n e s  of i n t e r s e c t i o n  of  these p l anes  2nd t h e  c y l i n a e r  a r e  e l -  
l i p s e s .  The d e s c r i p t i o n  of t h e  i n t e r m e d i a t e  b lade  s e c t i o n s  and,  
p a r t i c u l a r l y ,  t h e  c o n s t r u c t i o n  of t h e  l i n e s  o f  t r a v e l  o f  t h e  c e n t e r s  
of t h e  g e n e r a t i n g  c u t t e r  s e c t i o n s  s i m p l i f i e s  cons ide rab ly  i f  we 
p o s i t i o n  t h e  c u t t e r  a x i s  p e r p e n d i c u l a r  t o  t h e  p l ane  o f  t h e  drawing 
and c o n s i d e r  t h e  c u t t e r  s e c t i o n s  t o  b e  c i r c l e s  whose diameters a r e  
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equa l  t o  the  c u t t e r  diameter. The e r r o r  r e s u l t i n g  from replacement  
of t he  e l l i p s e s  by c i rc les  is  not  l a r g e  and, i f  necessary ,  can be 
e l imina ted  by s l i g h t  c o r r e c t i o n  of tile templates and blade p lane  
s e t t i n g  angle i n  r e l a t i o n  t o  the  c u t t e r  a x i s .  

3.  I n  o r d e r  t o  c o n s t r u c t  the  l i n e  I11 - I11 (F igure  5.19a) 
a long  which the c e n t e r  o f  the  s e c t i o n s  of  the cutter g e n e r a t i n g  the 
mean blade s e c t i o n  (111 - 111) w i l l  t r a v e l ,  it is necessary  t o  con- 
s t r u c t  s e v e r a l  s e q u e n t i a l  p o s i t i o n s  of t h e  cu t t e r  a x i s  1 - 1, 2 - 2, 
..., 1 0  - 10. To do t h i s ,  t a k i n g  some i n i t i a l  p o s i t i o n  1 - 1, w e  
break t h e H n e s  n' - n'  and n" - n n ,  co inc id ing  w i t h  t h e  d i r e c t i o n  of /126 
machine t o o l  table feed dur ing  m i l l i n g ,  i n t o  segments 1' - 2', 2 '  - 
3' ... and 1" = 2", 2" - 3", ... such t h a t  a l l  these segments a r e  
equa l  t o  one ano the r .  

Then, we e r e c t  a t  the p o i n t s  11, 2', ..., 10' perpend icu la r s  t o  
i n t e r s e c t  the  l i n e  I - I, and a t  t h e  p o i n t s  I", 2", ..., 10" - t o  
i n t e r s e c t  the  l i n e  V - V. 4 

The p o i n t s  a, b,  c ,  ..., i, k, 2 ,  by which the segments 1 - 1, 
2 - 2, ..., 1 0  - 10 are divided, i n  ha l f ,  cor respond t o  s e v e r a l  se- 

q u e n t i a l  p o s i t i o n s  of  t h e . c e n t e r  of  t h e  s e c t i o n  of t k e  c u t t e r  gener-  
a t i n g  t h e  mean s e c t i o n  p r o f i l e ,  and the i r  locus  i s  t h e  l i n e  of d i s -  

placement of t h i s  c e n t e r ,  analogous t o  t h e  l i n e s  I - I and V - V. 

i 

4. The l i n e  d e s c r i b i n g  t h e  second mean s e c t i o n  s u r f e  ? is  drawn /127 - .  . 

e q u i d i s t a n t  t o  t h e  l i n e  I11 - I11 a t  t h e  d i s t a n c e  R = Rcut ( : u t t e r  
radius ) . 

The back s u r f a c e  is fittec? t o  t h i s  l i n e ,  i . e . ,  t h e  e n t i r L  mean 
s e c t i o n  i s  cons t ruc t ed  so as t o  o b t a i n  a c c e p t a b l e  areas, cen te r -o f -  
g r a v i t y  l o c a t i o n ,  ang le s ,  and o t h e r  geometr ic  c h a r a c t e r i s t i c s .  

If  f o r  t h e  given form of t h e  concave s ide  It i s  not  p o s s i b l e  t o  
o b t a i n  s a t i s f a c t o r y  gecinetric c h a r a c t e r i s t i c s  of t h e  mean p r o f i l e ,  we 
m u s t  s h i f t  the  c u t t e r  axis t o  a new i n i t i a l  p o s i t i o n  1 - 1. and 

L 
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x 

r e p e a t  t h e  c o n s t r u c t i o n  (F igu re  5,19b) ,  i .e. ,  again break  the l i n e  
n" - na i n t o  e q u a l  segments 1; = 2" 2; - 3:, ..., 9;  - l~;, erect 

t 

L' A 

p e r p e n d i c u l a r s  a t  the  p o i n t s  lz, 2;, ..., 10: t o  i n t e r s e c t  t h e  l i n e  

V - V a t  the p o i n t s  12, 22, ..., l o 2 .  The l o c u s  o f  t he  p o i n t s  a2,  

b2, ..., k2, Z2 w i l l  cor respond t o  the  new form o f  t h e  l i n e  I11 - 111. 
We see that f o r  unchanged l i n e s  V - V and I-- I, t h e  form o f  t h e  

l i n e  I11 - I11 (a, b ,  c, ...) corresponding  t o  t h e  f i r s t  approxima- 
t i o n ,  and the  l i n e  a2, b2, ..., k2, Z 2  corresponding  t o  t he  v a r i a n t  

be ing  cons idered  i s  determined t o  a c o n s i d e r a b l e  degree by t h e  c u t t e r  
a x i s  s e t t i n g  a n g l e  i n  r e l a t i o n  t o  t h e  blade Y - 2 p lane .  

The magnitude of t h i s  a n g l e  i s  defi..ed as a r c t g  (h/Az), where Az 
is t h e  d i s t a n c e  a l o n g  t h e  c u t t e r  r a d i u s  between the  lower and upper  
s e c t i o n s .  I f  necessary ,  t h e  t i p  and r o o t  s e c t i o n  can  b e  v a r i e d  i n  
p e r m i s s i b l e  l i m ! t s  i n  o r d e r  t o  obta i r ,  a n  a c c e p t a b l e  mean s e c t i o n .  

5. After o b t a i n i n g  the  mean .: % i o n  p r o f i l e ,  t h e  f u r t h e r  con- 
s t r u c t i o n  of the  b lade  i s  carr?.ed o u t  i n  t h e  sequence d e s c r i b e d  above. 
The c o n s t r u c t i o n  of t he  blade s e c t i o n  prof i les  when machining us ing  /128 
a s i n g l e  two-dimensional template i s  shown i n  F igu re  5.20. 

The l i n e s  d e s c r i b i n g  the  concave s u r f x e  a r e  segments of  s e v e r a l  
e q u i d i s t a n t  l i n e s .  I n  F igu re  5.20b, t he  s e c t i o n s  are shown as they  
are p r o j t c t e d  i f  we look  i n  t h e  d i r e c t i o n  o f  t h e  g e n e r a t i n g  c u t t e r  
axis. Th i s  arrangement of t h e  s e c t i o n s  i s  cQnvenient  f o r  t h e  con- 
s t r u c t i o n .  F igu re  5.20a shows these s e c t i o n s  as t h e y  a r e  p r o j e c t e d  
on the  X - Y p l ane  i f  we look  i n  t h e  d i r e c t i o n  o f  t h e  2 a x i s .  

I n  both  cases, for s i n p l i c i t y  of  c o n s t r u c t i o n ,  the sec3 ion  con- 
f i g u r a t i o n  i s  drawn t h e  same, i . e . ,  we assume t h a t  t r a n s i t i o n  from 
F igure  5.20a t o  F igu re  5.2Ob is made by p l a n e - p a r a l l e l  displacement  
of all t h e  s e c t i o n s  r e l a t i v e  t o  t h e  lower s e c t i o n  by d i s t a n c e s  pro- 
p o r t i o n a l  t o  t h e  c o m d i n a t e  z of  each s e c t i o n  ( s e e  F igure  5 .10 ) .  
S h i f t  o f  t h e  s e c t i o n s  f o p  compensation of  t h e  bending stresses i s  
accosp l i shed  i n  t h e  same f a s h i o n .  



The l i n e  CC' (see F i g u r e  5.20b), 
e q u i d i s t a n t  t o  t he  l i n e s  d e s c r i b i n g  
the  concave p a r t  o f  t h e  p r o f i l e s ,  i s  
t h e  l o c u s  of the c e n t e r s  of t h e  gen- 
e r a t i n g  c i rc les  f o r  a l l  t h e  s e c t i o n s .  

The c u t t e r  r a d i u s  f o r  t he  mean 
s e c t i o n ,  j u s t  as t h e  rad i i  of a l l  
t he  i n t e r m e d i a t e  s e c t i o n s ,  i s  
selected so t h a t  the  s e c t i o n  c e n t e r  
o f  g r a v i t y ,  af ter  c o n s t r u c t i n g  t h e  
back s u r f a c e ,  i s  l o c a t e d  on t h e  

s p e c i f i e d  l i n e  Ov - OI. 
o b t a i n  a n  a c c e p t a b l e  form o f  t he  gen- 
e r a t i n g  t o o l ,  t he  v a r i a t i o n  of  t h e  

concave s i d e  r a d i u s  a l o n g  t h e  blade 

l e n g t h  must be q u i t e  smooth. 

I n  o r d e r  t o  

The f u r t h e r  c o n s t r u c t i o n  o f  the  
i n t e r m e d i a t e  s e c t i o n  p r o f i l e s  and of 
the  e n t i r e  blade i s  made as i n  t h e  

p receed ing  case. 

5.5. P r o f i l i n g  -- Cooled Blades 

When p r o f i l i n g  cooled  s b a t o r  
vanes and r o t o r  blades, a l o n g  w i t h  f i n d -  

I 

i 

a) c 

Figuce  5.20. C o n s t r u c t i o n  
o f  concave s u r f a c e  p r o f i l e  
a t  t h e  mean s e c t i o n  (I11 - 
111) when machining u s i n g  - 

a s i n g l e  t empla t e .  Oy - 
0'" - is the  l i n e  

* 
p a s s i i  "hrough t h e  coor- 
d i n a t e  o r i g i n s  o f  t h e  
cor responding  b l ade  sec-  

t ims 
T r a n s l a t o r ' s  no te .  The 

* 
dash between Ov and 
0''' i s  i n a d v e r t e n t l y  
omi t t ed  i n  t h e  o r i g i n a l  
f o r e i g n  t e x t .  

i n g  t h e  form and dimensions o f  t h e  p r o f i l e  e x t e r n a l  con tour s  a t  v a r l -  
ous s e c t i o n s  a l o n g  the  b lade  l e n g t h ,  i t  is  a l s o  necessa ry  t o  s o l v e  
t h e  problem of l o c a t i n g  w i t h i n  t h e  b l ade  t h e  channels  through which 
the  c o o l i n g  mzdium flow:. The n u b e r  of  these channels ,  t h e i r  form 
and dimensions are de ter t i ined  by t he  s e l e c t e d  cooled  b l ade  cons t ruc -  
t i o n  and by t h e  requircinents  f o r  h i g h  c o o l i n g  e f f e c t i v e n e s s .  Here, 
we must take i n t o  c o n s i d e r a t i c n  t h e  t e c h n o l o g i c a l  p rocesses  used  i n  
f a b r i c a t i n g  t h e  b l ades .  The c a p a b i l i t i e s  of t h P  p a r t i c u l a r  b l a d e  

f a b r i c a t i o n  t echn ique  t o  p rov ide  t h e  r e q u i r e d  accuracy ,  h igh  



i 

p r o d u c t i v i t y ,  and re l iable  qua1:ty c o n t r o l  methods, and the  heat 
5 

r e s i s t a n c e  of t h e  materials used are o f  d e c i s i v e  importance i r i  s e l e c t -  
i n g  cooled  blade geometry. f 

$ \  
i 

The l o c a t i o n  o f  t h e  c o o l i n g  channels  w i t h i n  t h e  b l a d e  makes i t  
d i f f i c u l t  t o  o b t a i n  the  c r o s s  s e c t i o n  area v a r i a t i o n  a l o n g  the  blade 

l e n g t h  r e q u i r e d  by s t r e n g t h  c o n s i d e r a t i o n s  and the  most r a t i o n a l  
center-of-gvevi ty  l o c a t i o n  of  t h e  i n d i v i d u a l  s e c t i o n s  f o r  compensa- / l 2 9  
t i o n  o f  t h e  bending stresses. 

The p resence  i n  t h e  blade c o o l i n g  channels  of s t r u c t u r a l  e lements  
( i n t e n d e d  f o r  i n c r e a s i n g  the  s u r f a c e  area exposed t o  t h e  c o o l i n g  a i r  
and i n t e n s i f y i n g  the heat t r a n s f e r )  i n  the  form o f  t r a n s v e r s e  r i b s ,  

t u r b u l e n c e  g e n e r a t o r s ,  p ro tube rances ,  and so on, and the need t o  
i n c r e a s e  t he  form c o e f f i c i e n t  K [see F i g u r e  3.2 and Equat ion  ( 3 . 6 ) ] ,  

$ 
compl ica te  cooled  blade p r o f i l i n g  i n  comparison w i t h  uncooled blades. 

When l o c a t i n g ,  i n s i d e  ,e o lade ,  channels  o f  form s p e c i f i e d  by 
t h e  heat t r a n s f e r  c o n d i t i o n s  and s a t i s f y i n g  t h e  s t r e n g t h  and f a b r i c a -  
t i o n  requi rements ,  it i s  necessa ry  t o  i n t r o d u c e  changes i n  t h e  gener-  
a l l y  accep ted  form o f  the  p r o f i l e  e x t e r n a l  contour  c h a r a c t e r i s t i c  
f o r  unco l l ed  b l a d e s ,  o f t e n  w i t h  s imul taneous  i n c r e a s e  of  t he  l o s s e s  
i n  t h c  blades.  The re fo re  cooled  b l ades ,  f o r  Which l a r g e  flow t u r n i n g  
&Cpi.aS aFE: z h d r a c t e r i s t i c  - s i n c e  they  are used I n  t h e  f irst  t u r b i n e  
':t&:+: , h? i i a l ly  have th i ckened  l e a d i n g  edges, somewhat greater  rela- 
t i v z  prl:tL-ile t h i c k n e s s  c /b, l a rger  l e a d i n g  and t r a i l i n g  edge 

taper anzles and $ and f r e q u e n t l y  a th i ckened  t r a i l i n g  edge. 

Thus, whi le  for uncooled s t a t o r  vane and r o t o r  blade cascades ,  t h e  

r a t i o  of t h e  l e a d i n g  edge t h i c k n e s s  t o  t h e  chord a t  t h e  r o o t  s e c t i o n s  
i s  i n  t h e  range ( 5  - 7 ) %  and a t  t h e  mean s e c t i o n s  ( 4  - 5)%, f o r  t h e  
cooled  blades,  t h i s  r a t i o  i s  ( 8  - 12)% f o r  t h e  r o o t  s e c t i o n s ,  
(7 - 81% f o r  t h e  mean s e c t i o n s ,  and r e a c h e s  1 2 %  i n  some b l a d e s .  

max 

2' 

The presence  of  r e l a t i v e l y  t h i c k  l e a d i n g  edges makes i t  p o s s i b l e  
t o  a l low p o s i t i v e  angles o f  a t t a c k  i n  t h e  s e c t i o n s  n e a r  t h e  r o o t ,  
where t h e  cascade s o l i d i t y  i s  a l s o  q u i t e  h igh ,  w i thou t  any marked 
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i n c r e a s e  of the h y d r a u l i c  l o s s e s .  T h i s  makes i t  p o s s i b l e  t o  use  
p r o f i l e s  w i t h  less camber, reduce  t h e  g r a d i e n t  o f  the e n t r a n c e  a n g l e  
v a r i a t i o n  a long  t h e  blade l e n g t h  -which  s i m p l i f i e s  t he  blade 
f a b r i c a t i o n  p rocess ,  and makes i t  easier t o  i n s t a l l  a n  i n s e r t - t y p e  
d e f l e c t o r  i n s i d e  the  blade i f  i t  i s  used.  

The p r o f i l e  r e l a t i v e  t h i c k n e s s  f o r  cooled  b lades  is u s u a l l y  
g r e a t e r  t h a n  f o r  uncooled blades by a f a c t o r  o f  1 . 2  - 1 . 3  ( a t  t h e  

mean s e c t i o n ) .  

The t r a i l i n g  edge t a p e r  a n g l e  f o r  cooled  b l t  des i s  u s u a l l y  ( 8  - 
lo)', and sometimes r e a c h e s  12O. T h i s  is exp la ined  by the  desire t o  
improve t r a i l i n g  edge c o o l i n g ,  s i m p l i f y  blade f a b r i c a t i o n  technology,  
or boLk st. the same t i m e .  I n  t h e  cooled kJlade, t h e  radial c c o l i n g  
channels  of c y l i n d r i c a l  form (see F i g u r e  6 .1 )  can be l o c a t e d  c l o s e r  
t o  t he  t r a i l i n g  edge, t he  t h i c k e r  t h e  edge and t h e  l a r g e r  t h e  t a p e r  
a n g l e .  

I n  the  blade w i t h  c o o l i n g  air d i s c h a r g e  through s l o t s  i n  t h e  
t r a i l i n g  edge: t h e  l a r g e r  t h e  a n g l e  42,  t h e  s h o r t e r  is  t h e  s l o t  seg- 
ment produced by e l e c t r o c h e m i c a l  m i l l i n g ,  w i t h  t h e  minimal prJss ible  
i n t e r n a l  c a v i t y  r a d i u s  based on manufactur ing technology ( s e e  F i g u r e  
6.16, v a r i a n t s  A and C ) .  F i n a l l y ,  if t h e  t r a i l i n g  edge taper a n g l e  
i n  a b l ade  of t he  same d e s i g n  f o r  a g iven  c o o l i n g  a i r  d i s c h a r g e  s l o t  
dimension is larger, t h e  i n n e r  co re  w i l l  have g r e a t e r  s t i f f n e s s ,  and 
c a s t i n g  such a b lade  w i l l  b e  s i m p l e r  (see F igure  6.16, v a r i a n t  B ) .  

The r e l a t i v e  blockage o f  t h e  p r o f i l e  cascade i n t e r b l a d e  channels  
by t h e  t r a i l i n g  edges 2r2/a (see F igure  5 . 6 )  f o r  t he  case  o f  c o o l i n g  

a i r  d i s c h a r g e  through s l o t 5  l o c a t e d  i n  t h e  t r a i l i n g  edges amounts t o  
(10  - 1 2 ) j ,  and i n  cascades  composed of  small blade p r o f i l e s  ( b 5 
40 rnm) r eaches  15%. iiowever, i n  these c a s e s ,  t h e  edge l o s s e s  are no t  
s o  l a r g e  and a r e  not  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  b lockage ,  
as i s  t h e  case  f o r  uncooled blades. T h i s  t a k e s  p l a c e  because o f  t he  
f a c t  t ha t  as t h e  a i r  e j e c t e d  throiigh the  s l o t s  i n  t h e  t r a i l i n g  edge 
mixes w i t h  t h e  main f low,  t h e  nonuniformity downstream of  t h e  

/130 
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t r a i l i n g  edge e q u a l i z e s ,  and the wake downstream o f  t h e  t r a i l i n g  
edge d iminishes .  

I f  the amount of a i r  d i s c h a r g i n g  from the  s l o t s  i n  t h e  trailing 
edge amounts t o  more t h a n  one pe rcen t  of t h e  main f low,  t h e  edge 
l o s s e s  f o r  such  blades decrease markedly [19] .  

When de te rmin ing  the  magnitude of  t h e  edge l o s s e s  for cascades  
c o n s i s t i n g  of cooled  blades w i t h  a i r  d i s c h a r g e  through t r a i l i n g  edge 
s l o t s  amounting t o  no less t h a n  1% o f  t h e  gas flow through the  cas- 
cade, we can use  the formula CC, = 0.2(2r2  - &)/a,  where & i s  t h e  

s l o t  wid th .  

For  the:.e r e a s o n s ,  most cooled  blade cascade  des igns  are s t i l l  
i n f e r i o r ,  w i t h  r e s p e c t  t o  t h e i r  h y d r a u l i c  e f f i c i e n c y ,  t o  t he  un- 
cooled  blades. 

However, i n c r e a s e d  c o o l i n g  e f f e c t i v e n e s s  and p a r t i c u l a r l y  t h e  
i n t r o d u c t i o n  i n t o  p roduc t ion  of new t e c h n o l o g i c a l  p r o c e s s e s ,  which 
provide  t h e  r e q u i r e d  accuracy  and re l iable  blade i n s p e c t i o n  methods, 
are making it p o s s i b l e  t o  c r e a t e  cooled  blade cascades  wi thout  marked 
d e t e r i o r a t i o n  o f  t h e i r  h y d r a u l i c  c h a r a c t e r i s t i c s  i n  comparison w i t h  

the uncooled blade cascades .  
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CHAPTER V I  

COOLING OF GAS TURBINE BLADES AND VANES 

One way t o  improve t h e  b a s i c  performance of  gas  t u r b i n e  eng ines  
- i n c r e a s e  t he  s p e c i f i c  power, reduce  che s p e c i f i c  f u e l  consumption 
and s p e c i f i c  weight - i s  t o  i n c r e a s e  t h e  t J r b i n e  i n l e t  gas  tempera- 
t u r e ,  which i s  l i m i t e d  t o  a c o n s i d e r a b l e  degree  by t he  s t r e n g t h  o f  
t he  nozz le  vanes and r o t o r  b lades .  However, i n c r e a s e  of  t h e  blade 
and vane s t r e n g t h  margins  t o  t h e  v a l u e s  r e q u i r e d  by  o p e r a t i o n a l  re- 
l i a b i l i t y  by r educ ing  t h e  des ign  stresses i n  t h e  vanes and blaaes 
i s  e i t h e r  no t  p o s s i b l e  o r  leads t o  i n c r e a s e d  engine  weight ,  and re- 
duces s i g n i f i c a n t l y  t h e  advantages  o b t a i n e d  from i n c r e a s i n g  t h e  gas 
tempera ture .  The s o l u t i o n  o f  t h i s  problem l i e s  i n  two d i r e c t i o n s .  
One i s  t o  i n c r e a s e  t he  h o t  s t r e n g t h  o f  t h e  m a t e r i a l s  used f o r  t h e  
gas t u r b i n e  engine  vanes and b l ades ,  and t h e  second is c o o l i n g  o f  t h e  
vanes and b lades  t o  e n s u r e  r e l i a b l e  o p e r a t i o n  a t  h i g h  gas t empera tu res .  

6.1. Open-Cycle A i r  Cooling Scheme 

I n  comparison w i t h  many well-known t echn iques  f o r  c o o l i n g  gas 
t u r b i n e  blades - a i r  c o o l i n g  u s i n g  a c losed-cyc le  scheme, i n t e r n a l  
and e x t e r n a l  l i q u i d  coo l ing ,  use  of  an  i n t e r m e d i a t e  coo lan t  and 
"heat p ipes"  - t h e  open-cycle scheme f o r  a i r  c o o l i n g  t h e  gas t u r b i n e  
components I n  which t h e  a i r  t a k e n  f r c a  t h e  comprecsor e n t e r s  t h e  flow 
p a t h  a f t e r  c o o l i n g  t h e  blades has s e v e r a l  s i g n i f i c a n t  advantages .  
The primary advantage is s i m p l i c j  t y  and o p e r a t i o n a l  r e l i a b i l i t y .  
T h i s  has made i t  t h e  most w i d e l y  used scheme, and t o  d a t e  t h e  on ly  

1 
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scheme which has  been r e a l i z e d  i n  p r a c t i c e  f o r  c o o l i n g  a i r c r a f t  
engine  t u r b i n e s .  However, i n  t h i s  scheme, t h e  larger  t h e  c o o l i n g  a i r  e 

p e r a t u r e .  Therefore ,  one b a s i c  problem which a r i s e s  w i t h  i n c r e a s e  
of  t h e  t u r b i n e  i n l e t  gas t empera tu re  i s  t h e  c r e a t i o n  o f  a h i g h l y  
e f f i c i e n t  blade d e s i g n  which w i l l  r e q u i r e  minimal c o o l i n g  a i r  flow- 
ra te  f o r  c o o l i n g  t h e  b i ade ,  o t h e r  c o n d i t i o n s  be ing  the  same. 

.' 

"J f l o w r a t e ,  the  smaller i s  t h e  advantage from i n c r e , ; i n g  t h e  gas  tem- j 

When us ing  t h e  open-cycle a i r  c o o l i n g  scheme, t h e  b l a d e  tempera- 
t u r e  can b e  lowered r e l a t i v e  t o  t h e  tempera ture  o f  t h e  gas  surraund-  
i n g  the  blade by i n t e r n a l  convec t ive  c o o l i n g ,  f i l m  (bar r ie r )  coo l ing ,  /132 
and porous c o j l i n g .  

When u s i n g  i n t e r n a l  convec t ive  c o o l i n g  of t h e  blades, the  cool-  
i n g  a i r  f lows through s p e c i a l l y  made channels  i n s i d e  t h e  blade, and 
i s  d i scha rged  i n t o  t h e  flow p a t h .  Some c o n f i g u r a t i o n s  o f  such blades 

are shown i n  F i g u r e  6 .1  [26]. 

I n  t h e  th ree-channel  b l ade  "a", t h e  c o o l i n g  a i r  en ters  a t  t h e  
r o o t  and rises through t h e  channel  a long  t h e  t r a i l i n g  edge; most o f  
t h e  a i r  a i s c h a r g e s  through a h o l e  I n  t h e  upper end o f  t h e  b l a d e ,  
w h i l e  t h e  remaining a i r  t r a v e l s  downward through t h e  c e n t e r  channel ,  
and t h e n  through t h e  channel  running  a l o n g  t h e  l e a d i n g  edge,  and d i s -  

charges  through a h o l e  i n  t h e  upper end o f  t h e  b l a d e  i n t o  t h e  rad ia l  
c l e a r a n c e .  T h i s  b lade  w i t h  30-mm-long p r o f i l e d  part  i s  i n s t a l l e d  i n  
t h e  Tyne T J E  t u r b i n e ,  having t u r b i n e  i n l e t  gas  tempera ture  1240  K .  
With c a o l i n g  a i r  f l o w r a t e  equal t o  1% of  t h e  gas f l o w r a t e ,  t h e  b l ade  

tempera ture  r e d u c t i o n  a t  t h e  mean a i r f o i l  s e c t i o n  i s  only 404. But 
even t h i s  r e d u c t i o n  i n c r e a s e s  engine  l i f e  by more than  8 f a c t o r  
of two. 

i 
i E 

Blade "b" i s  a l s o  three-channel .  The c o o l i n g  a i r  en te r s  and 
l e a v e s  t h e  b l ade  through h o l e s  i n  t h e  base, The a i r  f i r s t  f l o w s  up- 
ward a long  t h e  p r o f i l e d  p a r t ,  s imul taneous ly  through two c h x n e l s  
l o c a t e d  near t h e  edges and t h e n  downward through t h e  c e n t r a l  channel .  

. 
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Th is  blade is in-  
s ta l led i n  t h e  Conway 
TJE first s t a g e  t u r b i n e ,  
i n  which t h e  t u m i n e  
i n l e t  gas tempera ture  

i n g  a i r f l o w  rate  equa l  
t o  1.42% o f  t h e  gas  
f l o w r a t e ,  t h e  blade is 
cooled  by 120' at  i t s  
mean s e c t i o n ,  wi th  a 
tempera ture  d i f f e r e n -  
t i a l  (between the  mid- 

p o i n t  of the back s ide 
and t h e  t r a i l i n g  edge) 
i n  t h i s  s e c t i o n  o f  about 

i s  1310 K; w i t h  Cool- 

a b C d 

Figure  6.1.  Conf tgu ra t ions  o f  engine  
t u r b i n e  cooled  blades: 

a - Tyne; b - Conway; c - Spey; d - 
9lympus 

8 0 ° .  

I n  blade "c", t h e  c o o l i n g  a i r  e n t e r s  from both  s ides  a f  t h e  base, 
and a f t e r  f lowing  through l o n g i t u d i n a l  ( rad ia l )  channels  of e l l l p t l -  
c a l  shape d i s c h a r g e s  i n t o  t h e  r a d i a l  c l e a r a n c e .  The 38-mm-long blade 

i n l e t  gas tempera ture  does n o t  exceed 1360~. Atout 2% c o o l i n g  a i r  
i s  i n s t s l l e c l  i n  the Spey TJE t u r b i n e ,  i n  which t h e  maximal t u r b i n e  ! 

i * f lows through t h e  b l ade ,  and reduces  t h e  tempera ture  a t  t h e  mean sec-  - t  
I 

t i o n  o f  t he  p r o f i l e d  p a r t  by 220°, wi th  200' t empera ture  d i f f e r e n c e  
between t h e  r.,iddle p a r t  o f  t h e  '-lade and t h e  t r a i l i n g  edge ( a t  t h e  

same s e c t i o n ) .  

Blade "dtt has r ad ia l  channels  o f  1 - 1.i mm diameter. The 

c o o l i n g  a i r  e n t e r s  through t h e  a t tachment  p a r t  o f  t h e  b l a d e  and,  
a f te r  t r a v e l i n g  through t h e  channels ,  d i s c h a r g e s  :nto t h e  r ad ia l  
c l e a r a n c e .  The blade i s  c a s t  from a h e a t - r e s i s t a n t  a l l o y ,  ana t h e  
number of  channels  may r each  35. I n  s p i t e  o f  t h i s  l a r g e  number of 
channels ,  t h e  d i f f e r e n c e  between t h e  tempera tures  of the middle p a r t  
o f  t h e  blade and t h e  edges i n  t h e  b lade  c r o s s  s e c t i o n  r eacnes  250°, 
f o r  t empera tu re  of  t h e  gas  f lowing  around t h e  b l a d e ,  1250 K, and 
coolirrg a i r  tempera ture  310 K ,  and w i t h  cool inf f  a i r . f l o w r a t e  1 . 5  - 19%. 
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T h i s  temperature  nonmi fo rmi ty  i n  t h e  c r o s s  s e c t i o n  i s  c h a r a c t e r i s t i c  1 

f o r  cooled blades w i t r i  radial  channels .  4 
4 

k 

3 

Under t h e  same c o n d i t i o n s ,  t h e  hollow blade w i t h  i n t e r n a l  de- f 

i f l e c t o r  (F igu re  6.2) ,  i.e., w i t h  t r a n s v e r s e  coo l ing  a i r  flow r e l a t i v e  2 

t o  t h e  a i r f o i l ,  has a tercperature  nonuniformity /134 
not  e r  Jeeding 50° .  

When us ing  f i l m  coo l ing ,  t h e  a i r  i s  blown 
through spec ia l15  made s l o t s  o r  h o l e s  i n  t h e  
blade s u r f a c e ,  c r e a t i n g  a p r o t e c t i v e  l a y e r  
between t h e  gas  and t h e  blade s u r f a c e .  As t h e  

cool ing  a i r  layer flows a long  t h e  b l ade  pro- 
f i l e ,  it i s  g radua l ly  washed away by the  gas 
flow; t h e r e f o r e ,  rows o f  similar s l o t s  o r  
ho le s  through which new p o r t i o n s  o f  coo l rng  
a i r  are In t roduced  (F igure  6.3) must be  pos i -  
t i oned  s e q u e n t i i l l y  a t  those p o i n t s  of the  
p r o f i l e  where t h e  f i ' - n  has not  y e t  been washed 
away. I+ i s  obvious t h a t  f i l m  coo l ing  i s  pre-  
ceded by convect ive coo l ing ,  s i n c e  t h e  cool- 
i n g  a i r  flows through t h e  i n t e r n a l  channel  F i g u r e  6.2.  

~ - 

Cooled blade w i t h  
i n t e r n a l  d e f l e c -  before  r each ing  t h e  blade s u r f a c e .  Therefore ,  

in such blades, t h e  convec t ive  coo l ing  r o l e  t o r  1263 
i s  o f t e n  c o m e n s u r a t e  w i t h  t h e  t a r r i e r  coo l ing .  

Porous coo l ing  i s  t h e  most e f f e c t i v e  type .  The e s sence  of 
porous coo l ing  l i e s  i n  t h e  f a c t  t h a t ,  as t h e  a i r  passes through small 
holes  ( p o r e s )  i n  t h e  blade wall, i t  takes heat ?ram t h e  w a l l  and 
forms a thermoprotec t ive  layer on t h e  o u t e r  sur face  (F igu re  6 . 4 ) .  
The blade c o n s i s t s  of  an  i n n e r  l o a d - c a r r , - f n g  co re  1, w i t h  p r o f i l e d  
r i b s ,  and a poroys s h e i '  ? which forms t h e  p r o f i l e d  p a r t .  The s h e l l  

may be  f a b r i c a t e d  froii. rm,al mesh. T h e  r i b s  on t h e  c o r e  suppor t  t h e  
s h e l l  and form l o n g i t u d i n a l  channels  which provide  t h e  r e q u i r e d  
cool ing  a i r  pressure and f l o w r s t e  d i s t r i b u t i o n  ove r  t h e  b l ade  

s u r f a c e .  



I. 

"F 
Figure 6.3. Blade wi th  f i l m  

cooling: 
1 - ho t  gas flow; 2 - cool- 

ing a i r  flow E263 

We no te  t ha t  t h e  inadequate  high- 
temperature s t r e n g t h  o f ' t h e  materials 

F igure  6.4. 3lade used t o  date f o r  porous cool ing  does no t  
permit f u l l  r e a l i z a t i o n  of the  r o t o r  w i t h  porous cool ing:  
blade temperature r educ t ion  e f fec t .  1 - load-carrying 

core;  2 - porous 
s h e l l  [26] 

With inc rease  o f  t h e  p re s su re  r a t i o  
i n  t h z  compressor and t h e  a i r p l a n e  f l i g h t  
speed, t h s c o o l i n g  a i r  temperature  downstream of  t h e  compressor In- 
creases, and t h i s  degrades the blade cool ing  condi t ions .  Therefore ,  
w i th  i nc rease  of the f l i g h t  Mach number Mf and "Ea ,  the  a l lowable  

t u r b i n e  i n l e t  gas temperature  decreases f o r  a given blade tempera- 
t u r e ;  t h i s  shows up p a r t i c u l a r l y  a t  h igh  va lues  of M f .  

f o r  Mf = 3.0 and "io = 6.0, t.ie gas temperature  m w t  be reduced by 

150° i n  comparison w i t h  t h e  s t and  regime, and f o r  vEo = 9, i t  must 

be reduced by  50° more. I n  t h i s  case, t h e  r e l a t i v e  cool ing  a i r  
f lowra te  i n  t h e  f l i g h t  regime i s  2%. 

For example, 

We could maintain t h e  same t u r b i n e  i n l e t  gas temperature  ( f o r  
= 6.0) i f  we increased  the  r e l a t i v e  cool ing  a i r  f lowra te  i n  +,he I l i O  

f l i g h t  regime t o  4%, which f o r  a TJE w i t h  a f t e r b u r n i n g  would lead, 
on t h e  one hand, t o  i nc rease  of  t he  s p e c i f j c  f u e l  f lowra te  by % 1% 
(under the assumption that  r$ = c o n s t )  and, on t h e  o t h e r  hand, t o  

t h e  nzcess i ty  f o r  s i g n i f i c a n t  i nc rease  of t h e  cool ing  a i r  channel 

i 
t - 
! 
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s e c t i o n  area, s i n c e  f o r  t t e  e x i s t i n g  channel flow s e c t i o n  areas t h e  

r e l a t i v e  cool ing  a i r  f l o u r a t e  decreases markedly w i t h  i n c r e a s e  of M f .  

This  is  seen  from the fol lowing r e l a t i o n s :  t h e  reduced gas f lowra te  
through the  tupbine and the  reduced cool ing  a i r  f l o w r a t e  Ea through 

g 
the cool ing  s y s t e m  are p rac t i ca l ly  cons t an t  q u a n t i t i e s  over  the  A- 

t i r e  range o f  regime v a r i a t i o n  as a func t ion  o f  M f .  Consequently, 

and the r e l a t i v e  coo l ing  a i r  flowrate: 

When the cool ing  a i r  is taken  from downstream o f  the compressor, 
P: = p i  and T: = Ti. 

Since w i t ; i  epgine ope ra t ing  regime change t o  wi th in  constancy of 
t he  t o t a l  p re s su re  l o s s  i n  t h e  ccmbustion chamber: 

where C1, C2, C3 - cons tan t  q u a n t i t i e s .  

Thus, t n e  r e l a t i v e  a i r  f lowra te  through the cool ing  s y s t e m  de- 

c reases  as t h e  square r o o t  o f  i t s  temperature.  

I n  r ea l i t y ,  t he  c o e f f i c i e n t s  C2 and C are not cons t an t ,  bu t  3 
are rather a complex funct.ion of the f l i g h t  regime, s i n c e  t h e y  depend 
on the  Reynolds number i n  the coc l ing  chcnnels and t h e  r a t i o  of t h e  

chanr . wall and cooi ing  a i r  temperatures .  The form of  t h i s  func t ion  
i s  determined, i n  t u r n ,  by t he  s e l e c t e d  cooled b l ade  c o n s t r u c t i o n a l  
scheme, i . e . ,  by the  cool ing  channel shape and arrangement. 

Figure 6.5 shows t h e  r e l a t i v e  cool ing  a i r  f lowra te  as a func t ion  
of  f l i g h t  a l t i t u d e  and speed f o r  T* = TZ max = cons t ,  from which 

g 
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we see t h a t  for Mf = 3.0 and 

a f a c t o r  of two i n  compari- 
son  w i t h  the stand regime, 
a l though  vz varies by only 
a f a c t o r  of 1.3. 

Consequently,  i n  o r d e r  
t ha t  t he  blade temperature 
f o r  Mf = 3.0 n o t  exceed the  
a l l o w a b l e  va lue  based on 
s t r e n g t h  c o n s i d e r a t i o n s  or, 
what is the  same, i n  o r d e r  t o  
ma in ta in  the  same t u r b i n e  i n -  
l e t  gas tempera ture ,  i t  i s  
necessa ry  i n  t he  cons ide red  

I 1 
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K b 

2s Mf 
Figure  6.5. V a r i a t i o n  o f  r e l a t i v e  
c o o l i n g  a i r  f l o w r a t e  Fcool and 
blaat t empera tu re  Tb wi th  f l i g h t  

a l t i t u d e  H and speed  Mf 

example that t h e  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e ,  determined by t h e  

f l i g h t  c o n d i t i o n s ,  be n e a r l y  twice as h igh  under s t a n d  c o n d i t i o n s .  
This r e q u i r e s  increase of the c o o l i n g  channel  dimensions and asso- 
ciated t h i c k e n i n g  of t h e  blades and leads t o  i n c r e a s e d  h y d r a u l i c  
l o s s e s  i n  t h e  t u r b i n e .  

It i s  obvious that i n c r e a s e  o f  Ecool a n  ' e t e r i o r a t i o n  o f  t h e  

t u r b i n e  e f f i c i e n c y  lead t o  r e d u c t i o n  o f  t h e  m2,;irnal t h r u s t  and in -  
c r e a s e  of  t h e  engine  f u e l  f l o w r a t e  i n  t he  t a k e o f f  regime a t  both 
h igh  and low M f .  The re fo re ,  w e  see from t h i s  example that i n c r e a s e  

of t h e  t u r b i n e  i n l e t  gas t empera tu re  under f l i g h t  c o n d i t i o n s  by i n -  
c r e a s i n g  the r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  i s  no% j u s t i f i e d .  

However, s i n c e  t he  r e d u c t i o n  of t h e  s p e c i f i c  f u e l  f l o w r a t e  a u r -  

i n g  engine  o p e r a t i o n  i n  the  par t ia l  afterbu;iLing regime ( a f t e rb , rn -  
i n g  TJE f l i g h t  i n  t h e  c r u i s i n g  regime) i r v o l v e s  i n c r e a s e  o f  T* i t  

i s  s t i l l  desirable t o  i n c r e a s e  t h i s  t empera tu re .  I n  t h i s  connec t ion  
a q u e s t i o n  arises: can w e  no t  s o l v e - t h i s  problem by t a k i n g  t h e  cool-  
i n g  air  from a n  i n t e r m e d i a t e  s t a g e  where t h e  a i r  t empera tu re  i s  
lower,  ra ther  t h a n  from t h e  compressor e x i t .  

g' 
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The s o l u t i o n  o f  t h i s  problem i n  g e n e r a l  form i s  very d i f f i c u l t ,  
s i n c e  i t  w i l l  depend on the engine  type ,  v a l u e s  si t h e  b a s i c  eng ine  
parameters ,  engine  c o n f i g u r a t i o n ,  opera t i r ig  c o n d i t i o n s ,  c o o l i n g  
scheme, and cooled  blade c o n s t r u c t i o s .  

The blade temperature as a f u n c t i o n  of a i r  bleed l o c a t i o n  i s  
shown i n  F igu re  6.6 f o r  t h e  example cons ide red  above, i n  which w e  
assume a cooled blade w i t h  t r a n s v e r s e  flow o f  the c o o l i n g  a i r  rela- 
t i v e  t o  the a i r c o i l  and known r e l a t i o n s h i p  between the  blade c o o l i n g  
i n t e n s i t y  and the c o o l i n g  a i r  parameters. The higher t h e  number o f  
the stage from which the a i r  is t aken ,  t h e  higher  w i l l  be  t h e  a i r  
p r e s s u r e  and f l o w r a t e ,  and consequent ly  t h e  higher t h e  c o o l i n g  in -  
t e n s i t y .  Therefore ,  i n  s p i t e  o f  t h e  f a c t  t h a t  when t a k i n g  t h e  air  
from the i n t e r m e d i a t e  stages i ts  tempera ture  i s  lower t h a n  TE, t h e  

heat removal from t h e  t u r b i n e  blade wall m d ,  t h e r e f o r e ,  the  al low- 
able t u r b i n e  gas i n l e t  t empera ture  are no higher  than  wi:h bleed 

downstream o f  t he  compressor.  Consequently,  t h e  only  way t o  i n c r e a s e  
t u r b i n e  b lade  a i r  c o o l i n g  i n t e n s i t y  i n  a n  engine  wi th  h.l=h mE0 and 
a t  high f l i g h t  speeds i s  p re l imina ry  c o o l i n g  o f  t h i s  a i r ,  I n  t h i s  
case, a i r  bleed downstream o f  t h e  compresso r  i s  most f a v o n a b l e .  The 
b leed  a i r  e n t e r s  a heat exckanger i n  which a i r  from t h e  : i r p l a n e  a i r  
i n t a k e ,  a i r  a f t e r  the  f a n  
stage, o r  f u e l  i s  used as 
t h e  coo l ing  medium. 

S i g n i f i c a n t  i n c r e a s e  
of t h e  curb ine  i n l e t  gas 
t e c k e r a t u r e  f o r  t he  r o t o r  
blade tempera ture  s p e c i -  
f i e d  by s t r e n g t h  condi- 
t i o n s  can be o b t a i n e d  
by reducing  the coo l ing  
a. tempera ture  i n  a 
fue l -a i r  heat exchanger .  

For example,  w i t h  

p r e s s u r e  r a t i o  i n  t h e  

T:oo 

140. s t a g e  
F igu re  6 .6 .  Cooled b l ade  temperature 
as f u n c t i o n  of c o o l i n g  a i r  b l eed  loca -  

t i o n  
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compressor c o r r e c t e d  t o  s tand  c o n d i t i o n s  

a l t i t u d e  o f  H = 23 km, and t u r b i n e  i n l e t  gas t empera tu re  T* = 1515 K ,  

r e d u c t i o n  of t he  c o o l i n g  a i r  t empera tu re  ( f o r  c o o l i n g  a i r  f l o w r a t e  
e q u a l  t o  2.5% of t h e  f l o w r a t e  through t h e  compressor and b l a d e  t e m -  
p e r a t u r e  12@0 K )  by 220 K (from 920 t o  700 K) makes it  p o s s i b l e  t o  
i n c r e a s e  the t u r b i n e  i n l e t  gas t empera tu re  by 125 K. I n  t h i s  case, 
the  tempera ture  ot t h e  f u e l  u s u . - l l y  used f o r  a i rcraf t  gas t u r b i n e  
engines  i n c r e a s e s  by about  120' i n  t h e  heat exchanger .  We m t s t  bear 
i n  mind t h a t  t he  amount o f  heat which can  be absorbed  by :he f u e l  is 
l imited by t he  a v a i l a b l e  d i f f e r e n c e  between the  f u e l  t empera tu re  a t  
the  engine  i n l e t  and the  a l lowab le  f u e l  t empere tu re  a t  the  heat ex- 
changer  e x i t .  Moreover, when us ing  t h i s  t e c h n i q u e  f o r  c o o l i n g  t h e  
air ,  d i f f i c u l t i e s  arise a s s o c i a t e d  wi th  t h e  i n f l u e n c e  of  s t a r t i n g  
and o f f -des ign  engine  o p e r a t i n g  regimes on blade coo l ing ,  s i n c e  t he  

a b s o l u t e  f u e l  and c o o l i n g  a i r  f l o w r a t e s  and t h e i r  r a t i o  change. 

= 1 2 ,  Mf = 3.0, a t  an 

f3 

If w e  add t o  such  an engins- a second ( b y p a s s )  con tour  and l o c a t e  
4 

an  air-air  heat exchanger i n  t he  bypass  f low,  f o r  t h e  cons ide red  
c o n d i t i o n s  w e  c2ii i n c r e a s e  t h e  t u r b i n e  i n l e t  gas t e a p e r a t u r e  by 

n e a r l y  goo. But i n  t h i s  case ,  p r e s s u r e  l o s s e s  i n  t h e  bypass f low i n  
overcoming heat exchanger  h y d r a u l i c  r e s i s t a n c e  are i n e v i t a b l e .  

Considerably l e s s  e f f e c t  from c o o l i n g  t h e  a i r  i n  t h e  heat ex- 
changer  i s  o b t a i n e d  when a i r  t aken  from t h e  a i r p l a n e  a i r  i n t a k e  i s  
used as t h t  c o o l z n t .  

The d e c i s i v e  f a c t o r  i n  e v a l u a t i n g  the  v a r i o u s  t echn iques  f o r  
improving the  e f f e c t i v e n e s s  of t h e  open-cycle t u r b i n e  a i r  c o o l i n g  
scheme, w i t h  a l l  i t s  advantages and d i sadvan tages ,  i s  t h e  degree  of 
improvemznt of  t h e  basic  performance o f  t h e  eng ine  and of t h e  a i r -  
p l ane  as a whole. 

6 .2 .  Blades w i t h  I n t e r n a l  Convective Cooling 

Reduction o f  t h e  cooled blade temperature r e l a t i v e  t o  t h a t  of  
t h e  gas  f lowing  O v e r  t h e  blade i s  accomplished by t h e  p rocesses  of 
heat exchange between t h e  gas  and t h e  b lade ,  on t h e  one s ide ,  
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between the  blade and the c o o l i n g  a i r  f lowing  through t h e  channels  
w i t h i n  t h e  blade,  on t h e  o t h e r  side, and by heat p ropaga t ion  i n  t h e  
body o f  t he  blade i t s e l f .  I n  t h i s  connec t ion ,  t o  de te rmine  t h e  tem- 
p e r a t u r e  f i e l d  i n  Cooled blades, we must s o l v e  t h e  th ree  d imens iona l  
problem o f  heat t r a n s f e r  i n  a mul t iconnec ted  r e g i o n  w i t h  v a r i a b l e  
boundary c o n d i t i o n s  a l o n g  t h e  contour .  Ana ly t i c  s o l u t i o n  o f  t h i s  

problem ( i n  g e n e r a l  form) is  p o s s i b l e  only  far bod ies  o f  very s imple  
form. The re fo re ,  t h e  cooled  blade t empera tu re  f i e l d  i s  u s u a l l y  

1133  
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determined by approximate methods, i n  which t h e  problem reduces  
under c e r t a i n  assumptions 20 a two-dimensional or even one-dimen- 
s i o n a l  problem. 

P 

The appmximate  s o l u t i o n  a e t h o d s  and a l s o  t h e  e l e c t r o t h e r m a l  o r  
hydrothermal  analogy methods y i e l d  accuracy  adequate f o r  p r a c t i c a l  I 

purposes  i f  t he  c o e f f i c i e n t s  o f  heat exchange w i t h  t h e  gas and w i t h  

the  a i r  a r e k n o w n s u f f i c i e n t l y  a c c u r a t e l y .  

6.2.1. Heat t r a n s f e r  from the gas - - - - -  t o  t h e  blade - - - -  - -  - - - - - --- - - - 

There are s e v e r a l  methods which pe rmi t  f i n d i n g  the  c o e f f i c i e n t  
o f  heat t r a n s f e r  from the  gas t o  the  b lade  i f  w e  know t h e  flow re- 
gimes i n  the  boundary l a y e r  a long  t h e  p r o f i l e  contour .  They assume 
c o n s t a n t  s u r f a c e  tempera ture  and p h y s i c a l  c o n s t a n t s  i n  t he  boundary 
layer ,  and reduce  t o  c a l c u l a t i o n  o f  the  c o e f f i c i e n t  w i t h  subsequen t  
use of some form o f  Reynolds n;tKiSer s i m i l a r i t y .  

One method which has been developed f o r  p r a c t i c a l  a D p l l c a t i o n  
is t h a t  o f  L. M. Zysina-Molozhen, by which w e  f i n d  t h e o r e t l c a l  heat 
t r a n s f e r  c o e f f i c i e n t s  which agree s a t i s f a c t o r i l y  w i t h  t hose  o b t a i n e d  
expe r imen ta l ly  [12] f o r  k n o w n d i s t r i b u t i o n s  a long  tile p r o f i l e  con tour  
of  t h e  v e l o c i t i e s  (pressures) and l o c a t i o n  o f  t h e  p o i n t  ( l i m i t )  of  
l aminar  boundary layer t r a n s i t i o n  i n t o  a t u r b u l e n t  l a y e r .  

.-- I,._ , 

The b a s i c  computa t iona l  equat iof i  of  t h i s  method has t h e  form: 

.I. , . .  " . , , .. ..- , ... .. , 
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where Nu, P r ,  lie - Nusse l t ,  P r a n d t l ,  and Reynolds numbers; 
a - c o e f f i c i e n t  o f  heat t r a n s f e r  from gas t o  t h e  

X - thermal c o n d u c t i v i t y  of  the gas ;  

B 
Glade; 

g 
b - blade chord;  - 

n-n/6- r e l a t i v e  p r o f i l e  p e r i m e t e r ;  

- r e l a t i v e  en tha lpy  loss a t  t h e  t r a i l i n g  edge; 

8, - flow a n g l e  downstream o f  cascade (at  the  s e c t i o n  

w2 - v e l o c i t y  i n  e q u a l i z e d  f low downstream o f  cascaaz ;  

- flow v e l o c i t y  and temperature a t  t h e  t r a i l i n g  

where t h e  boundary layers come t o g e t h e r ) ;  

ed' Ted W 

edges;  
? Tw - f low and wall t empera tu res ;  

E - c o r r e c t i o n  f o r  f low c o m p r e s s i b i l i t y  (PO 

f o r  Mi03 ) . 

The drawback o f  t h i s  method, a s  of  a l l  methods f o r  a n a l y t i c  
de t e rmina t ion  o f  t he  c o e f f i c i e n t s  o f  heat t r a r - f e r  from t h e  gas t o  
t h e  blade, i s  t h e  f a c t  t h a t  i t  i s  very  l a b o r .  even when u s i n g  a 
d i g i t a l  ccmputer.  I n  a d d i t i o n ,  t h e  cooled  b l ade  temperatures mus t  
be  determined i n  t h e  very ea r ly  d e s i s n  s tage,  when t h e  data necessa ry  
f o r  c a l c u l a t i n g  the  f l o w  around t h e  p r o f i l e  cascade  are e i t h e r  no t  
a v a i l a b l e  a t  a l l  o r  have not  y e t  been f i r m l y  es tabi ished,  and there 
are no re l iable  data f o r  de t e rmin ing  t h e  l i m i t s  of  t h e  l amina r ,  
t r a n s i t i o n a l ,  and t u r b u l e n t  boundary layers  a l o n g  t h e  cooled  blade 

p r o f i l e  contour ,  while  t h e  c a l c d l a t i o n  accuracy depends t o  a con- 
s i d e r a b l e  degree  on t h e  l o c a t i o n  and e x t e n t  o f  t h e  t r a n s i t i o n a l  zone. 

Therefore ,  t h e  c o e f f i c i e n t s  of  heat t r a n s f e r  from t h e  gas t o  t h e  
blade m u s t  u s u a l l y  b e  determined expe r imen ta l ly .  After r educ ing  the  
expe r imen ta l  r e s u l t s  and c o r r e l a t i n g  them i n  accordance w i t h  s l m i -  
l a r i t y  t h e o r y ,  we o b t a i n  t h e  c r i t e r i a 1  heat t r a n s f e r  r e l a t i o n s  which 
can be  used t o  de te rmine  t h e  c o e f f i c i e n t s  of  heat t r a n s f e r  from t h e  

gas  t o  t h e  blade,  even  i n  t h e  very e a r l y  blade dor ign  s t a g e ,  when 
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the gasdynamic calculation of the turbine has been made and only the 
basic geometric characteristics of the blades have been determined. 

The following similarity criteria are generally used in study- 
ing the heat exchange process in cooled blades. 

1. The Nusselt number, characterizing thermal similarity of 
the flow: 

where h - thermal conductivity of the nedium; 
a -  CO:* ficient of heat transfer at the given point; 
L - characteris?.ic linear dimension. 

2. The Reynolds number, Characterizing the ratio of the iner- 
tial forces to the viscous forces (molecular friction forces): 

where w - characteristic flow velocity; 

p - density of the medium. 
- dynamic viscosity of the medium; 

3 .  Grashoff number, characterizing the interaction of the 
viscous forces (molecular friction) and the buoyant force due to the 
difference of the densities at individual points: 

/ 

where g - grzvity force acceleration o r  (in rotating systems) 
centrifugal f G w e  scdeleration; 

f3 - bulk expansion coefficient; 
At - temperature difference causing the buoyant force; 

v=rJe - kinematic viscosity of the medium; 
u- dynamic viscosity of the medium. 

4. Prandtl number, characterizing the thermostatic properties 
of the medium: 

/ , - "  
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A where Q=- - thermal d i f f u s i v i t y ,  c h a r a c t e r i z i n g  the  ra te  o f  
tempera ture  e q u a l i z a t i o n  i n  a nonuniformly heated body; 

c - s p e c i f i c  heat c a p a c i t y ;  
p - d e n s i t y .  

I n  a d d i t i o n  t o  these c r i t e r i a ,  we use  t he  d imens ionless  r e l a t i v e  
tempera ture  o f  a g iven  p o i n t :  

where To - h e a t i n g  medium tempera ture ;  

T1 - c o o l i n g  medium tempera tu re ;  

T - body t empera tu re  a t  g iven  p o i n t .  

I n  s p i t e  o f  t h e  f a c t  that  t he  l o c a l  heat t r a n s f e r  c o e f f i c i e n t  
v a r i a t i o n s  are no t  cont inuous  a long  t h e  p r o f i l e  con tour ,  w e  can 
u s u a l l y  d i v i d e  t h e  blade i n t o  segments,  a long  which w e  can take t h e  
heat t r a n s f e r  c o e f f i c i e n t  t o  b e  p r a c t i c a l l y  c o n s t a n t ,  and we can 
c a l c u l a t e  them us ing  the  above-mentioned c r i t e r i a 1  r e l a t i o n s  ob- 
t a i n e d  expe r imen ta l ly .  

i 

The t echn ique  
heat t r a n s f e r  from 

i n  t he  middle p a r t  

i n  which we de termine  t h e  mean c o e f f i c i e n t  of' 
the  gas t o  the  blade a t  t h e  l e a d i n g  edge ag 

o f  the p r o f i l e  a and a t  t h e  t r a i l i n g  edge g 11' 
(F igu re  6.7)  is w i d e l y  used i n  cooled  b l ade  des ign  p r a c t i c e .  IT1 

The average  heat t r a n s f e r  c o e f f i c i e n t  i n  t he  l e a d i n g  edge reg!m 
can be determined w i t h  accuracy  adequa te  f o r  p r a c t i c a l  c a l c u l a t i o n s  
from t h e  data o b t a i n e d  f o r  t r a n s v e r s e  flow o v e r  a c y l i n d e r  w i t h  

r a d i u s  equa l  t o  t h a t  o f  the  l e a d i n g  edge.  Good ag reemmt  between 
t h e  c a l c u l a t e d  and expe r imen ta l  va lues  f o r  t h e  blade leadi!ig edge 
r e g i o n  i s  o b t a i n e d  when de termining  a from t h e  cr i ter l :<:  r e l a t i o n :  

g I  

I 
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( 6 . 1 )  

t he  geometr ic  dimension i s  1’ where, i n  de te rmining  Nu 

t aken  t o  be twice t h e  l e a d i n g  edge radiQs, t h e  c h a r a c t e r i s t i c  ve lo-  
c i t y  is t he  approaching flow v e l o c i t y ,  and the  v i s c o s i t y  and thermal  
c o n d u c t i v i t y  are d e f i n e d  i n  terms o f  the t o t a l  parameters o f  t h e  

flow approaching the blade. According t o  t h e  data of v a r i o u s  au th -  
o r s ,  t he  c o e f f i c i e n t  AI v a r i e s  i n  t h e  l i m i t s  0.635 - 0.82 i n  t h e  

4 range R e  

c i t i e s .  

cascade s e n s i t i v i t y  t o  ang le -o f -a t t ack  v a r i a t i o n .  For  most cooled  
r o t o r  b lades  and ranges  of angle-of -a t tack  v a r i a t i o n  i n  the  f irst  
t u r b i n e  stages (where cooled  blades are used)  which are encountered  
i n  p r a c t i c e ,  we can take AI = 0.74 i n  t h e  r eg ion  bounded by the a n g l e  

70 - 75O from the  t angen t  t o  t h e  p r o f i l e  c e n t e r l i n e  a t  t he  l e a d i n g  

I and R e  

= 2.5 103  - 4 1 0  and f o r  subson ic  approaching  ve lo-  
€ 3 1  

The c o e f f i c i e n t  AI w i l l  a l s o  depend on the  cooled  blade 

4 5 2.8 1 0  . If we take - edge, and i n  the  range  2.8 5 1 0  3 Reg I - 
the  term l e a d i n g  edge t o  mean t h e  segment d e s c r i b e d  by I t s  r a d j u s ,  
we can take AI equa l  t o  0.635 f o r  de t e rmin ing  t h e  average  va lue  of 

4 = 5 l o 3  - 4 1 0  ar,d MI 5 - d . 9  f o r  z e r o  
g I  

i n  t h e  range Re S I  
a 

a n g l e  o f  a t t a c k  C31. 
I 

We can de termine  the  
average heat t r a n s f e r  co- 
e f f i c i e n t  a g II f o r  t h e  

concave and convex s ides  
Y of t h e  p r o f i l e  u s ing  t h e  

r e l a t i o n  ob ta ined  by 

Golubeva ( f o r  0 .5  1 0  2 
F i g u r e  6.7. Blade p r o f i l e  segments 5 

< 2 1 0  6 ) ,  which has been adequa te ly  v e r i f i e d  I n  a i rcraf t  gas 
g I1 = R e  

t u r b i n e  des ign  p r a c t i c e  : 
0.68 a b 

I gl.I = A R e  
Nu I1 g 11’ g I* h g  I1 

( 6 . 2 )  

169 



I 
crmm*llrJ.pl. 

I 

f 

i s  based on t h e  t h r o a t  dimension a t  t h e  cascade  
Q 11 

Here, Re 

e x i t ,  the  thermal conduc t iv - t  ' is  based on the i s e n t r o p i c  t o t a l  

gas tempera ture ,  the  v i s c o s i t y  i s  based on t h e  gas tempeyature  a t  t h e  1 

the c o e f f i c i e n t  AII is determined from the  curve  of F igu re  6.6 as a 

f u n c t i o n  o f  the flow t u r n -  
ing a n g l e  e==180-(&+&) i n  
the cascade .  

xg I1 

t h r o a t ,  t h e  blade chord b i s  t a k e n  as t h e  geometr ic  dimension, and /1B? ' 

The heat exchange be- 
tween t h e  gas and t h e  

blade depends on the  en- 
t i r e  p r e h i s t o r y  o f  i t 2  f o r -  
mation on t h e  p reced ing  

_. 

p r o f i l e  segments. F igu re  6.8. C o e f f i c i e n t  AII as func- 
t i o n  of  flow t u r n i n g  a n g l e  i n  b laded  

cascade  Under the assumption 

tha t  the  beginning  o f  
t r a n s i t i o n  from t n e  l amina r  f low regime i n  t h e  boundary layer t o  
t u r b u l e n t  f low i s  l o c a t e d  about  0.7 of  t h e  b l a d e  chord from t h e  lead- 
ing edge, t h e  c o e f f i c i e n t  of heat t ran .c fcw from t h e  gas t o  t h e  b l ade  

U i s  determined w i t h  accuracy  s a t i s f a c t o r y  f o r  p r a c t i c e  ( f o r  

> 5 1 C  ) from t h e  c r i t e r i a 1  r e l a t i o n  c h a r a c t e r i s t i c  f o r  
g 111 

5 
II = 

t u r b u l e n t  flow over  a f l a t  plate:  

( 6 . 3 )  0.8 
g 11' = 0.0263 Re NUg 'I1 

The f o l l o w i n g  r e l a t i o n  [ 3 ]  y i e l d s  good agreement w i t h  experi- 
ment f o r  R e  from 3 103 t o  3 
of  n e a t  t r a n s f e r  from t h e  gas t o  t h e  b l a d e  t r a i l i n g  eclge on a seg- 
ment equal t o  one t e n t h  o f  the  k,lade chord:  

104  when de te rmin ing  t h e  c o e f f i c i e n t  
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Here, t h e  de termining  parameters are t h e  t o t a l  gas  flow v e l o c i t y  and 
tempera ture  a t  t h e  e x i t  from t h e  p r o f i l e  cascade  and tw ice  t h e  blade 

l e a d l n g  edge r a d i u s .  

6.2.2.  Heat t r a n s f e r  from blade t o  c o o l i n g  a i r  . . . . . . . . . . . . . . . . . . . . . . .  

The c o e f f i c i e n t  o f  heat t r a n s f e r  from t h e  blade t o  the  c o o l i n g  
a i r  i s  determined by t h e  geometry (shape and d i z e n s i o n s )  o f  t h e  in-  
t e r n a l  channels  and the  n a t u r e  o f  the  flow i n  these channels .  The 
a i r  flow in the  channels  is a r e s u l t  o f  t he  p r e s s u r e  d i f f e r e n c e  be- 
tween the  e n t r a n c e  t o  and e x i t  from t h e  channe l s ,  and i n  t h e  r o t o r  
blades is a l s o  inf1ue:iced by t h e  a c t i o n  o f  t h z  c e n t r i f u g a l  f o r c e s .  
Therefore ,  t h i s  flow i s  u s u a l l y  t u r b u l e n t ,  excep t  f o r  c e r t a i n  regimes 
realize? a t  high f l i g h t  a l t i t u d e s .  

I n  most cooled blade d e s i g n s ,  t h e  i n t e r n a l  channels  have rela- 
t i v e  l e n g t h  I-f/d, which i s  s u f f i c i e n t  for u s e  o f  t h e  c r i t e r i a i  rela- 
t i v e  o b t a i n e d  f o r  s t r a i g h t  l ong  tubes  of  va ry ing  s e c t i o n  area w i t h  

t u r b u l e n t  a i r  flow: 

( W a d a  
Here, R e a  - - 'ads - - - = - *  

'a ' a  ' 

and ua - r e s p e c t i v e l y ,  k inemat ic  and dynamic a i r  v i s c o s i t i e s ;  'a 

coo l ing  a i r  f l o w r a t e  p e r  u n i t  channel  s e c t i o n  area; Ga (PW), = - - 
Fa 

t-- 4Fa channel  h y d r a u l i c  diameter; da rla 

- channel  wetted pe r ime te r ;  "a 
Fa - channel  c r o s s  s e c t i o n  area; 

e and e l  - c o e f f i c i e n t s  account ing  f o r  t h e  i n f l u e n c e  of  channel  r 
c u r v a t u r e  and r e l a t i v e  l e n g t h ,  t aken  from [21]. 



Consider ing  t h e  u s u a l  c o n f i g u r a t i o n  of l o r ,d l tud ina l  ( rad ia l )  
i n t e r n a l  channels  i:! t h e  cooled  blades (see F igure  6 . 1 ) ,  we can take 

sl-18 and ~1-13 ; 

E t  -- c o e f f i c i e n t  r s f l e c t i n g  .he i n f l u e n c e  of t h e  first J1 and 
second e t  t empera ture  f a c t o r s  [33], 

where J, = Tb/Tk - first temperature f a c t o r ;  

= TE/const - second tempeTature f a c t o r ;  f o r  blade tempera ture  

e q u a l  t o  o r  g r e a t e r  t h a n  1000 K ,  et, 2 1 . 0 .  

I n  cooled blades w i t h  trarisverse c o o l i n g  a i r  flow r e l a t i v e  t? 
the  a i r f o i l  and j e t  Impingement of t he  cool i r lg  a i r  or the  l e a d i n g  
edge i n n e r  s u r f a c e ,  aa i s  detzrminec! (by anAlogy wi th  a ) f o r  t h e  

2 I f f e r e n t  segments of  t h e  p r o f i l e  I n n e r  con tour .  An example  o f  such 
a blade i s  the  hoilow t h i n - w a l l  blade wi th  i n t e r n a l  I n s e r t - t y p e  de- 

f l e c t o r  (see F igure  6 . 2 )  c263. I n  t h i s  b l a d e ,  t h e  , -oolIng a i r  I s  fed 
insl .de the  d e f l e c t o r  and flows through h o l e s  i n  t he  L e t l e c t o r  onto 
t h e  i n n e r  s u r f a c e  of  t h e  blade l e a d i n g  edge.  Then, af ter  t u r n i n g  
through 180°,  i t  e n t e r s  the channels  between t h e  d e f l e c t o r  ar,d t h e  

i n n e r  surface af the  b l ade ,  f lows v t ' r  t h e  concave and convex str- 
f a c e s  of  t h e  b l ade ,  and d j s c h a r g e s  i n t c  t:,e t u r b i n e  f low patan throLgh /1';5 ' 

i 

e; 

1 

s l o t s  ( h o l e s )  i n  t h e  t r a i l i n g  edge.  1 
I 

d 

T The hea t  t r a n s f c r  c o e f f i c i e n t  a- i n  the b l a d e  l e a d i n g  edge 
c 

r e g i o n ,  acco rd ing  t o  [4], i s  found from t h e  c r i t e r i a 1  r e l a t i o n  

< 6 l o 3 :  t a i n e d  for l.7 1 0  3 5 Rea I 

1 7 2  
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Here, Rea  I is  based on the a i r  parameters a t  the  e x i t  from t h e  

holes  i n  the  base o f  t h e  d e f l e c t o r ;  

= 4Fa 1/11 - h y d r a u l i c  diameter, t aken  as t h e  c h a r a c t e r i s t i c  da I 
dimenr ion ;  
1 .0  ( f o r  Tb 2 - 1000 K); = 

-maximal r e l a t i v e  d i s t a n c e  from d e f l e c t o r  h a l e  e x i t  
t l  E 

z'da I 

'a I and 'a IIi 

t o  i n n e r  s u r f a c e  of t h e  blade lea- t ing  edge; 

blade t r a i l i n g  edge; 
- r e s p e c t i v e l y ,  areas o f  holes  i n  d e f l e c t o r  and i n  

- dischalag? c o e f f i c i e n t s  f o r  a i r  flow :hrough t h e  and PI11 
d e f i e c t o r  h o l e s  aiid t r a i l i n g  edge s l o t s .  

If  t h e  ho7.ns i n  the  d e f l e c t o r  are made, as I s  u s u a l l y  done, I n  
t h e  form of  cc . ;ent nozz le s ,  and i f  s p e c i a l  dev ices  ( fcr  example, 
tu rbule-ce  gener , . tors  i n  t h e  f 5 r m  o f  small p i n s  and t h e  l i k e )  are flot 
provided i n  the t r a i l i n g  ?dge s l a t s  t o  s i g n i f i c a n t l y  i n c r e a s e  t h e i r  
hydrau l i c  r e s i s t a n c e ,  w e  can take the  d i s c h a r g e  c o e f f i c i e n t s  t o  be  

equal ,  i n  v t h e r  words, grrr/p&#. 

For the c o c l i n g  channels  i n  tho blade concave and convex segment 
ana i n  t h e  t r a i l i n g  edge r e g i o n ,  we can use t h e  c r i t e r i a 1  r e l a t f - o n  
(6.4), which can be used f m  0,5-105gRea - II <10-105(extension of t h e  

t u r b u l e n t  f low regime i n t g  t h e  low R e  reg,izn i s  a s s o c i a t e d  w i t h  one- 
sided heat inpu t  i n  t h e  channel  and t u r b u l i z a t i o n  o f  t h e  flow a t  t h e  -. 
eatratice t o  the channe l )  and Re, 111 ~ 1 5 . 1 0 5 .  

Q P f ( k  I/& [ Z l ] ,  and the  i n f l u e n c e  of  one-sided heat inpLt  is ac-  
counted f o r  by t he  c o e f f i c i e n t  p q = Q 7 - 0 3 5  (which cor responds  t o  

Then, &=I+l.n da/r and 

Tb = 1250 - 1100 K ) .  

6.3.  Zooling E f f e c t i v e n e s s  and Heat T r a n s f e r  ' n  Blndes -.-- -- 
w i t h  Transverse  Plow Scheme 

The e f f e c t i v e n e . ;  of b lade  coo l ing  w i t h  a i r  d ischarpe  i n t o  t h e  
t u r b i n e  flor.: p s t h  Ls cretermineri by two f a c t o r < :  * h e  c o o l i n g  : n t e n s l t y  
and t h e  magnitude of  t .hs l w s e s  a s s o c i a t e d  w i t h  t h e  in t roduct+ .or .  of 

1 7 3  4 
A 
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cool ing .  These two f a c t o r s  are i n t e r r e l a t e d :  t he  h ighe r  t he  c o o l i n g  
i n t e n s i t y ,  the  smaller the  amount of a i r  t aken  from the compressor 
f o r  coo l ing  and t h e  larger the amount of  a i r  which p a r t i c i p a t e s  i n  
t he  expansion process  i n  the  t u r b i n e .  Moreover, w i t h  dec rease  of 
the coo l ing  a i r  f l o w r a t e ,  t he  h y d r a u l i c  losses i n  t h e  t u r b i n e  asso-  
c i a t e d  wi th  i n t r o d u c t i o n  of t h e  coo l ing  a i r  i c t o  t h e  flow p a t h  and 
mixing w i t h  t h e  gas flow decrease .  

For  g iven  gas T and coo l ing  a i r  Ta tempera tures  a t  the  blade 
g 

e n t r a n c e  (OP a t  s b m e  blade segment),  t h e  c o o l i n g  i n t e n s i t y  can be 
c h a r a c t e r i z e d  by t h e  r a t i o  of t h e  d i f f e r e n c e s  between t h e  gas and 
blade ternseratures ( i n  the  cons idered  r e g i o n )  t o  t h e  d i f f e r e n c e  be- 

tween the  gas and a i r  tempera tures :  

T - Th 
T - Ta' e =  Q 

Q 

If w e  suppose t h a t  w i t h  change o f  t h e  heat Fxchange c o n d i t i o n s  
c h a r a c t e r i s t i c  f o r  cooled blades,  t h e  blade tempera ture  v a r i e s  
analogously t o  the tempera ture  of  a t h i n  p lane  wall exposed t o  t h e  
same c o n d i t i o n s ,  t h e n  f o r  each cons idered  b l ade  segment, w e  can write: 

pw T - Tb T - T  
= K  

Tb - 5' a (0 Tpw - Ta' (6.7) 

wl: ?e K - f o m  f a c t o r  account ing  f o r  t h e  differeme between t h e  Q 
blade t e n p e r a t u r e  a.nd tha t  o f  t h e  t h i n  f l a t  wall. 

It fo l lows  from t h e  cond i t ions  of thermal balance between t h e  

gas  and t h e  coo l ing  a i r  tha t  t h e  amount of  h e a t  t r a n s f e r r e d  t o  t h e  

coo1ir.g a i r  Q, = aa(Tpw - Ta)Sa i p  e q u a l  t o  t h a t  t aken  from the  gas 

and f o r  Sa 2 Sg, we o b t a i n :  = a ( T  - T  )S 
Qt3 g g PW g' 

pw - 'a - -  
a '  

Tpw - *a g 
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Then, ( 6 . 6 )  with  account  f o r  (6 .7)  and (6.8) can b e  w r i t t e n  as: 

( 6 . 9 )  

For a f l a t  M a l l  and t h i c k  wall c y l i n d e r ,  t h e  form f a c t o r  i s  
dep ine5  by t h t  r e l a t i o n s  

where bpw -thickness o f  t h e  p l a n e  wall; 
r and R - i n n e r  and o u t e r  radii  o f  t h e  c y l i n d e r .  

Under t he  heat exchange c o n d i t i o n s  c h a r a c t e r i s t i c  f o r  cooled  
t u r b i n e  blades, t h e  magnitude o f  t h e  heat t r a n s f e r  c o e f f i c i e n t  has 

very l i t t l e  i n f l u e n c e  on t he  v a r i a t i o n  of K and f o r  t h e  cons ide red  

blade d e s i g n  it is  p r a c t i c a l l y  c o n s t a n t .  Then, from ( 6 . 9 ) :  

\ 

$' 

(6 .10)  

The r a t i o  (6 .6)  i s  convenient  f o r  comparing t h e  c o o l i n g  i n t e n -  
s i t y  o f  d i f f e r e n t  blades.  It makes i t  p o s s i b l e  t o  dz te rmine  t h e  

t e r ipe ra tu re  o f  cAie cons ide red  blade r e g i o n  f o r  a g iven  t u r b i n e  
o p e r a t i n g  regime, and the  larger the  c o e f f i c i e n t  8 ,  t h e  less  t h e  

blade tempera ture  will d i f f e r  from t h e  c b a l i n g  a i r  t e z p e r a t u r e  and, 
consequent ly ,  t h e  b e L t e r  the  b l a d e  i s  cooled.  

S ince  f o r  p h y s i c a i  p r o p e r t i e s  01 t h e  gas  and a i r  which vary 
l i t t l e  u n d c  the heat exchange c o n d i t i o n s ,  f o r  d e f i n i t e  geometry of  

the  p r o f i i  scade an3 t h e  c o o l i n g  a i r  c:ianne!s, and fo: g iven  gas 
arid c o o l i n g  a i r  t empera tu res  deterrninzd by t h e  t u r b i n e  Dpera t ing  
regime, t h e  r i g h t  s i d e  of  ( 6 . 1 0 )  depeads on t h e  relat!.ve a i r  f lowrate ,  
the  c o e f f i c i e n t  8 i s  r e p r e s e n t e d  s r a p h i c a l l y  as a f u n c t i c n  of  t h e  
r a t i o  01 t h e  n i r  Ga and gas  G I  flbwrates. 

c 

E 
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F igu re  6.9 shows a comparison 
o f  t he  c o o l i n g  i n t e n s i t y  ( 0 )  o f  the 

p r o f i l e  midsec t ion  o f  some a i rcraf t  
t u r b i n e  blade des igns .  

Under t h e  acLual  heat exchange 
c o n d i t i o n s  determined by t h e  engine  
o p e r a t i n g  regime, t h e  p h y s i c a l  prop- 
ert ies o f  the  a i r  and gas do no t  
remain c o n s t a n t  . Wi5h accuracy  ade- 
q u a t e  f o r  p r a c t i c e ,  t he i r  v a r i a t i o n  
can be expres sed  as a power f u n c t i o n  
o f  t h e  a b s o l u t e  tempera ture  [SI :  

I 
i -  

o .t 

Figure  6.9. Comparison o f  
i n t e n s i t y  of d i f f e r e n t  
v a r i a n t s  of  b l d e  p - o f i l e  

midsec t ion  coo l ing :  
a - porous coo l ing ;  b - 
blade w i t h  i n s e r t - t y p e  de- 
f l e c t o r ;  c - blade of  
Conway t y p e  w i t h  radial  

c o o l i n g  a i r  flow 
A s ing le -va lued  r e l a t i o n  i s  ob- 

t a i n e d  between t h e  complexes /148 

(T /T and GaReq$ [14], which can be used t o  de te rmine  blade cool-  g a  
i n g  e f f e c t i v e n e s s .  

The c r i t e r i a 1  r e l a t i o n s  preser-ted i n  s e c t i o n s  6.2 and 6.3 can 
be w r i t t e n  i n  t h e  form: 

Mua = AaRe; and Nu = A He m 
g I3 €5' 

h x 
I n  t u r n ,  aa = A,Rei  and a = A R e m  A. 

g Q g dq 

\ 
I f  t h e  k inemat ic  v i s c o s i t y  p a:id thermal c o n d u c t i v i t y  X a r e  

expressed  as f u n c t i o n s  o f  the t empera .u re  us ing  (6.11), t he  ra l ; io  of 
t h ?  c o e f f i c i e n t s  c f  heat t r a n s f e r  w i t h  t h e  a i r  and gas  for geometr i -  
c a l l y  similar blades can be  r e p r e s e n t e d  by t h e  exp*-Fs?.on: 

n 9 
aa Ga Ta n-m 
- %  (-) (7) Reg . a 

€5 
A 

€5 Gg 
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According t o  (6 .10) ,  the  q u a n t i t y  0 i s  detzrmined by t h e  r a t i o  
o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  aa/'a . Consequently,  

Q 

Th i s  dependence w i l l  be d i f f e r e n t  fc r  t h e  d i f f e r e n t  blade scg- 

ments, having  acco rd ing  t o  (6.1) - (6 .5)  d i f f e r e n t  va lues  o f  t h e  !?e 
exponents .  Thus, acco rd ing  t o  [14], f o r  t h e  l e a d i n g  edge reg ion :  

m 

f o r  che middle r e g i o n  ) (6.12) 
m 

f o r  the  t r a i l i n g  edge reg ion :  
m 

In  de te rmining  the exponent f o r  t h e  middle r e g i o n  o f  t h e  blade 

and the t r a i l i n g  edge, we assume t h a t  h - f ( D m j .  

Express ions  (6 .12)  are v a l i d  f o r  g e o m e t r i c a l l y  similar b l a d e s  

because of t h e  f a c t  tha t  i n  t h e i r  d e r i v a t i o n  w e  assumed t h e  r a t i o s  
of t he  c h a r a c t e r i s t i c  dimensions appea r ing  i n  t h e  c r i t e r i a 1  r e l a t i m s  
f o r  Nu and Re t o  b e  c o n s t a n t s .  

Ifwe i n t r o d u c e  i n t o  the r e l a t i o n s  o b t a i n e d  t h e  r a t l o s  o f  t h e  

c h a r a c t e r i s t i c  dimensions f o r  t h e  d i f f e r e n t  b l ade  r e g i o n s ,  i n  accord-  
ance w i t h  ( 6 . 1 )  - (6.51, these r e l a t i o n s  can be  used  f o r  de t z rmin ing  
the  coo l ing  i n t e n s i t y  of  blades of  d i f f e r e n t  geometry [ 1 4 ] .  

Then t n e  e x p r e s s i o n s  f o r  t h e  b lade  segment c o o l i n g  i n t e n s i t y  
w i l l  have t h e  fmm: 

(6.13) 

1 7 7  
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Y 

i 

where 

Here, Fg I - a n n u l a r  area swep t  by t h e  blades at  the  cascade 
e n t r a n c e  ; 

= 2RI - l e a d i n g  edge h y d r a u l i c  diameter; 
dg 1 

(6.14) 

= L/II - e q u i v a l e n t  l e a d i n g  edge o u t e r  r a d i u s  (F igu re  6 . 1 0 ) ;  % 
2 -maximal d i s t a n c e  between d e f l e c t o r  hole e x i t  and blade 

l e a d i n g  edge i n n e r  s u r f a c e ;  
z - number o f  b l ades ;  

b )  middle p a r t  o f  t he  p r o f i l e :  

where 

(6.16) 

- flow s e c t i o n  area between b l a d e  i n n e r  Here, Fa 11 = 2611h D I I  
s u r f a c e  and d e f l e c t o r ;  

- d i s t a n c e  ( c l e a r a n c e )  between b lade  i n n e r  
s u r f a c e  and d e f l e c t o r ;  

- d e f l e c t o r  l e n g t h  h D  I1 

= 2611 - h y d r a u i i c  diameter o f  c l e a r a n c e  between da 11 
d e f l e c t o r  and b i ade  i n n e r  s u r f a c e ;  

= FI s i n  ai and 
g 11 

F 

= F, s i n  B, - r e s p e c t i v e l y ,  s t a t o r  and r o t o r  i n t e r b i a d e  Fg I1 I 
channel  t h r o a t  areas ; 

= b - c h a r a c t e r i s t i c  geometr ic  dimension - 
6 11 

d 

t1.e b k d e  chord;  

c 

Y 



where 

c) trailing edge: 

(6.17) 

(6.18) 

= * - hydraulLc diameter of the holes (slots) in 
B Here, da 111 

the trailing edge. 

Dearing in them. This 
Tinimizes the error in Figure 6.10. Chayacteristic dimensions 
determining blade tem- of-leading edge segment c)f blade w i t h  

internal deflector 
perature because of in- 
accuracies made in select- 
ing the numerical values of  the coefficients in the formulas Nua = 

f(Rea) and Nu = f(Reg). 

as the aLscissa scale. 

The ratias of these coefficients were used g 

The exponents of the relative coollrlg air flowrate f cool was 
taken equal tc one, which leads to significant simplification in the 
calculations. 

These relations are shown in graphical form in FLgure 6.11, 
6.12, and 5.13 L14-J.  In plotting these curves, it was assumed +hat 
t! leading edge can be made in several variants, differing In form 
:,rid ribbing on the inner surface. Therefore, the magnitude of the 

I I,?CtoP was taken as the parameter, and the presende of ribbing 
. 

- 
2 iccounted for by the ioefficient rip [ j l j ,  :.e., K = rirKg. 

l$ 

/151 

r 
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Figure  6.11. R e l a t i o n  f o r  
de te rmining  tempera ture  cjf 
cooled  blade l e a d i n g  edge 

r e g i o n  

F igu re  6.12. R e l a t i o n  f o r  deter-  
mining tempera ture  o f  cooled  b l ade  

p r o f i l e  middle segment 
0.2 

If there  are n c  r i b -  

b i n g  o r  o t h e r  s t r u c t u r a l  
e lements  on t h e  i n n e r  
s u r f a c e  of t h e  middle 
segment of the blade pro- 
f i l e  which i n t e n s i f y  t h e  
heat t r a n s f e r  and a l t e r  t h e  

form of t h e  b l z d c  wall s o  t h a t  i t  becomes s i g n i f i c a n t l y  d i l ' f e r e n t  
from a t h i n  p lane  wall, t h e n  t h e  form f a c t o r  w i l l  t e  p r a c t i c a l l y  con- 
s t a n t  f o r  a broad c lass  of b l a d e s ,  and i n  miny c a s e s  d i f f e r s  very 
l i t t l e  from one. The re fo re ,  f o r  each  of.' t h e s e  blade p r o f i l e  segments 
w i t h  small and re1 *--$ely i n v a r i a n t  wall t h i c k n e s s  ( 1 . 2  - 1.81, we 5 

can very well make us2 of  a s i n g l e  c u r v e  (see F i g u r e s  6 . 1 2 ,  6.13). 

Figure 6.13. R e l a t i o n  f o r  d e t e 6 x l n i n g  
temperature of cooled blade t r a i l i n g  

edge segment 

Moreover, s i n c e  t h e  experime:*,tal data  r e d u c t i o n  was based on t h e  

c o o l i n g  a i r  tempera ture  Ya a t  t h e  b l a d e  e n t r a n c e ,  kinen usir.g these 

cu rves ,  we asFume s i m l l a r i t y  o f  t h e  h e a t i n g  cf t h e  a i r  In t h e  t e s t ed  
and ana lyzed  blades,  and thzt t h i s  h e a t i n g  i s  inde7endent of t h e  
amount of  c o o l i n g  a i r  f lowing  through t h e  b l a d e .  Tests o f  a la rge  
number of S l a d e s ,  d i f f e r i n g  i n  t!leir dimensions by more t h - n  a f a c t o r  /15? 
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of &.r, showed t h a t  these assumptions do n o t  i n t r o d u c e  any siguI -- 
c a n t  e r r o r  i n t o  c a l c u l a t i o n  of t h e  tempera ture  cf d e f l e c t o r - t y p e  
blades o p e r a t i n g  w i t h  s p e c i f i c  s u r f a c e  thermal  f l u x  d e n s i t i e s  q = 

= 1.5 - (10 - 15)  I O  W/m , and r e l a t i v e  c o o l i n g  a i r  flow ra te  ccool 
3.0%, which are c h a r a c t e r i s t i c  f o r  a i r c r a f t  eng ine  t u r b i n e s .  

5 2 

Using these cu rves ,  when d e s i g n i n g  the blade we can  s e l e c t  fo r  
t h e  g iven  c o 2 d i t i o n s  t h e  c o o l i n g  a i r  channel  dimensions and de te rmine  
t h e  blade tempe2ature  i n  the v a r i o u s  eng ine  o p e r a t i n g  Tegimes. I n  
s o  doing,  a f  course ,  we need t o  know the  c o o l i n g  a i r  f l o w r a t e .  

6.4.  Determining Cooling A i r  F lowra te  i n  Blades 
w i t h  Transve r se  Flow Scheme 

I n  gas t u r b i n e  eng ines ,  t h e  d i f f e r e n c e  between t h e  p r e s s u r e s  a t  
t h e  i n l e t  t o  and e x i t  from t h e  cooled  blade i s  l i m i t e d .  I t s  magni- 
t u d e  i s  determrned by t h e  p r e s s u r e  d i f f e r e n c e  developed a c r o s s  t h e  

StiLtor vanes and r o t o r  blades f o r  a g i v e n , p r e s s u r e  r a t i o  i n  t h e  com- 
p r e s s o r .  Under these c o n d i t i o n s ,  t h e  amount of  a i r  which can  b e  

passed  through t h e  cooled  blade depends on t h e  dimensions aild hy- 

d r a u l i c  r e s i s t a n c e  o f  a l l  t h e  s e r i e s  and p a r a l l e l  connected chanr,els 
of d i f f e r e n t  l e n g t h  and c o n f i g u r a t i o n .  

The e x i s t i n g  methods [22] make i t  p o s s i b l e  t o  perform hy(Jrau1ic 
c a l c u l a t i o n s  of  c o o l i n g  s y s t e m s  o f  p r a c t i c a l l y  any complexi ty .  How- 
e v e r ,  f o r  t h e i r  broad a p p l i c a t i o n ,  p a r t i c c l a r l y  t o  d e f l e c t o r - t y p e  
blades,  i t  is necessa ry  t o  have r e l i a b l e  data  on t h e  h y d r a u l i c  char-  
a c t e r i s t i c s  of  t h e  i n d i v i a u a l  c o o l i n g  pa th  e lements  and tkheir mutxal 
i n f l u e n c e  under a c t u a l  operat!rlg c o n d i t i o n s .  

Usual ly ,  t h e  exper imenta l  d e t e r m i n a t i o n  o f  coo l ing  channel  
h y d r a u l i c  r e s i s t a n c e  i s  accomplished by f low t e s t i n g  b l a d e s ,  s p e c i a l l y  
ins t rumented  f o r  measurements [16]. I n  both  t h e  thermal and h y d r a u l i c  
c a l c u l a t i o n s ,  w e  d i v i d e  t h e  b l a d e  up i n t o  t h r e e  bsF ic  segments:  
l e a d i n g  edge - from t h e  d e f l e c t o r  i n n e r  c a v i t y  t o  t h e  e n t r a n c e  t o  
t h e  s l o t s  i n  t h e  concave o r  convex par t  o f  t h e  p r o f i l e  (segment I ) ,  
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s l o t s  of the concave o r  convex p a r t  o f  t h e  p r o f i l e  (segment II), and 
t r a i l i n g  edge (segment 111). The c o e f f i c i e n t s  o f  h y d r a u l i c  reslst- 
ance  of each  segment are determined from t h e  d i f f e r e n c e  between t h e  

t o t a l  p r e s s u r e s  a t  t h e  e n t r a n c e  t o  and e x i t  from t h e  segn-dnt; * 

= h--h -!qL) P *  +J 
&w$? 61 P I  

C p  

Here, & p , , ~ a  p1, FL Fa, are t h e  s t a t i c  p r e s s u r e ,  d e n s i t y ,  ana  i low sec-  
t i o n  area a t  the e n t r a n c e  t o  and e x i t  from t h e  cons idered  segment. 
If the t o t a l  head losses are referred t o  t h e  f low k i n e t i c  energy 
a t  some other  s e c t i o n  Fi, the  c o e f f i c i e n t  

i s  d e f i n e d  by t he  r e l a t i o n :  

For  i so the rma l  flow, t h i s  r e l a t i o n  can  be  

Here, t h e  index  "0" refers  t o  t h e  s e c t i o n  
cons idered  segment, and n~p$pf_  . 

Experiments made on b l z d e s  d i f f e r i n g  

c 

of  h y d r a u l i c  r e s i s t a n c e  

t 

reduced t o  t h e  form: 

a t  t h e  e n t r a n c e  t o  t h e  

i n  dimensions by more than  
a f a c t o r  of two, w i t h  l=5-10 i n  a wide  raEgc of  reginie v a r i a t l o n  
 PO=^-^ Kn!, T = 

t h e  fo l lowing .  

330 - 1100  K and Ta = 280 - 620 K) [16]  showed 
€5 

1. The t o t a l  p r e s s u r e  l o s s  i n  t h e  e n t r a n c e  t o  t h e  d e f l e c t o r  
ard i n  i t s  i n t e r n a l  c a v i t y  does no t  exceed 3 - 596. The d i f f e r e n c e  
i n  t h e  p r e s s u r e s  w i t h i n  t h e  d e f l e c t o r  a long  i t s  h e i g h t  were w i t h i n  
t n e  measurement accuracy l i m i t s .  

2 .  For i s o t h e r m a l  gas  and a i r  flow i n  t h e  temperature range  
300 - 9 2 0  K ,  t h e  l e a d i n g  edge segmect h y d r a u l i c  r e s i s t a n c e  c o e f f i -  
c i e n t ,  r e f e r r e d  t o  tile v e l o c i t y  head a t  t h e  e x i t  from t h e  h o l e s  i n  
t h e  d e f l e c t o r  nose forI-l/i1)2,O(where 2 is  t h e  r?xirnal d i s t a n c e  be -  

tween t h e  h o l e s  I n  \;he d e f l e c t o r  nose and  t h e  b l ade  l e a d i n g  edge 

i n n e r  su:*race,  and dl i s  t h e  h y d r a u l i c  diameter),  is p r a c t i L d l l y  

i 

d 

f 
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1 

Independent o f  t h e  p r e s s u r e  r a t i o  i n  t he  l i m i t s  n~g3.5 and o f  t h e  
Reynolds number Rer=(C.I&4.tl)-l@ based cn  the a i r  parameters a t  t h e  

e x i t  from the  h o l e s  i n  t he  d e f l e c t o r  nose.  We take as the  d e f i n i n g  
geometr ic  parameter, t he  h y d r a u l i c  diameter o f  a s i n g l e  h o l e  ( s l o t )  
a t  the e x i t  from the  d e f l e c t o r  d,=4F,/n and C:0)-!!.8-3,0. We assume t h a t  
segment I ( l e a d i n g  edge)  t e r m i n a t e s  where the  formatior ,  of  l o s s e s  
a s s o c i a t e d  ;:ith flow t u r n i n g  t e r m i n a t e .  T h i s  cor responds ,  as i s  
known, t o  f=x/b,=lO., where dII I s  t h e  w i d t h  of  t h e  s l o t  between t h e  

d e f l e c t o r  and t h e  blade i n  t h e  concave (convex) par t  o f  t h e  p r o f i l e .  

For i s o t h e r r i a l  f low,  t h e  h y d r a u l i c  r e s i s t a n c e  c o e f f i c i e n t  de- 

pendence on the f low parameters  i n  g e n e r a l  form can be  w r i t t e n  as:  

[FSO']'=f(Re, Pr, $9 $ 7 9  

where $ = Tb/TB - so -ca l l ed  f i r s t  teahperature f a c t o r ;  

$' = T:/const - second t empera tu re  f a c t o r .  

z 

Consider ing  t h a t  the c o e f f i c i e n t  o r  h y d r a u l i c  r e s i s t a n c e  of  
segment I for i s o t h e r m a l  flow i s  independent  o f  t h e  o p e r a t i n g  regime 
parameters, we f i n d  i t s  dependence on t h e  c o o l i n g  a i r  t empera tu re  a t  
the e n t r a n c e  t o  the b lade  TE and t h e  b l ade  tempera ture  Tb i n  t h e  

form c,!Cjo)= f (Tb/TfJ) . 

For the  s t a L S l i z e d  t u r b u l e n t  gas flow regime i n  a t u r b i n e ,  
cor responding  t o  very l a r g e  Re, t h i s  dependence i s  known [ 2 0 ]  i n  
t h e  form: 

Ana ly t i c  d e s c r i p t i o n  crf t h e  t u r b u l e n t  exchange eechanism under 
c o n d i t i o n s  a p p l i c a b l e  t o  t h e  l e a d i n g  edge i s  very d i f f l p  .&.; there-  
fore t h i s  dependence i s  ob ta ined  expe r imen ta l ly  - d l  - c t l y  from 
t . o t a l  head loss measurements i n  t h i s  segment w i t h  blade tempera ture  
v a r i a t i o n  froill 3 G O  t o  I 1 0 0  K .  The i n c r e a s e  of t h e  l e a d i n g  edge 



segmenc h y d r a u l i c  r e s i s t a n c e  w i t h  h e a t i n g  i s  i x p l a i n e d  p r i m a r i l y  by 

the i n f l u e n c e  of gas  v i s c o s i t y  i n  the  v o r t i c a ;  zones which forms 
a t  t h e  l e a d i n g  edge. If t h e  a i r  v i s c o s i t y  dependence on i t s  a b s o l u t e  
tempera ture  i s  r e p r e s e n t e d  by t h e  f i rs t  e q u a l i t y  ( 6 . 1 2 ) ,  we can write: 

m 

This  r e l a t i o n  i s  shown i n  Fig-  
ure 6.14. We see t h a t  i t  no t  
only r e f l e c t s  c o r r e c t l y  t h e  
p h y s i c a l  e s sence  of t h e  phenom- 
enon, bu t  a l s o  y i e l d s  q u i t e  good 
agreement wi th  the expe r imen ta l  
data. 

F igu re  6.15 shows the  rela- 

GI t i o n  -=f(Re) f o r  the  concave 

( c m v e x )  middle p r o f i l e  segment, 
ob ta ined  from t o t a l  head l o s s  
measurements f o r  i s o t h e r m a l  
flow and flow w i t h  heat 
i n p u t .  Twice t h e  c l e a r a n c e  
( s l o t )  width is t a k e n  b-? 

t h e  h y d r a u l i c  diameter d .  
Also zhown i s  t h e  r e l a t i o n  

(W) 

i 1 5 5  

Figtire 6.14. Leading edge seg- 
ment h y d r a u l i c  r e s i s t a n c e  v e r s u s  
r a t i o  o f  blade tempera ture  and 
rJ?dlilig a i r  temperature a t  er.- 

t r a n c e  t o  t h e  b l ade  

see t h a t  t h e  i n f l u e n c e  o f  
h e a t i n g  on t h e  f r i c t i o n a l  F i a u r e  6.15. C o e f f i c i e n t  of  hydrau- 
r e s t s t a n c e  i s  very s l i g h t ,  11; r e s i s t a n c e  o f  b l a d e  p r o f i l e  mid- 

d l e  segment a i r  channels  ve r sus  Re: 
o - i so the rma l  f low; 0 - flow w i t h  and can  be n e g j e c t e d .  The 

i r t f luence  o f  flow t u r b u l i z a -  h e a t i n g ;  --- - from C333 
t i o n  n e a r  t h e  l e a d i n g  edge 
and one-sided heat Input  caused t h e  t u r b u l e n t  flow regime t o  extend 
i n t o  t h e  r e g i o n  of  small Re (down t o  R e  = 650 f o r  channel  a s p e c t  
r a t i o  lid-23 1. 
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/156  4 E x p e r i n e n t a l  s tudy  of the  - t  

h y d r a u l i c  r e s i s t a n c e  o f  the  
channels  i n  t h e  t r a i l i n g  edge 
I n  t h e  R e  range I . I O ~ < R ~ J I I ~ ~ - ~ @  , 
showed t h a t  i t  i s  a l o c a l  re- 
s i s t a n c e  and i s  independent  of 
R e ;  the va lue  o f  bfJ depends on 
the  c o n s t r u c t i o n  and t echn iques  
used t o  o b t a i n  t he  c o o l i n g  
channels ,  and f o r  v a r i a n t s  A ,  

b, C ,  shown i n  F igu re  6.16, 
= 1.05, 0 .5 ,  and 1 . 6 ,  re- 6111 

s p e c t i v e l y .  

Vi 

V i e w  C - 

F i g u r e  6.16. Cooled blade 
t r a i l i n g  edge c c n f i g u r a t i o n s  The r a t i o  of  t h e  c o o l i n g  

a i r  f l o w r a t e  through t h e  blade 
f o r  flow w i t h  h e a t i n g  G H  t o  t h e  f l o w r a t e  f o r  i s o t h e r m a l  flow G, can 
b e  w r i t t e n  as: 

Here, t h e  h y d r a u l i c  r e s i s t a n c e  c o e f f i c i e n t s  are r e f e r r e d  t o  t h e  

v e l o c i t y  head a t  t h e  e x i t  from t h e  b l ade .  

' 4  Consider ing  t h a t  b = C i - k b - k b r r ;  Lir-14 (because  of  t h e i r  sma l lnes s  ) 
?.nd & , m b i I ,  we o b t a i n :  

With account  f o r  t he  f a c t  t h a t :  

(6.2C) 

'4 

and Fo=FI  , we can reduce  (6 .19)  t o  t h e  form: 

Y 
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where AT - a i r  t empera ture  r i se  I n  t h e  b l ade .  

Then, t h e  c o o l i n g  a i r  f l o w m ' e  t h r r  gh t h e  b lade :  

(6.21) 

The d i scha rge  c o e f f i c i e n t  1.( i s  deterlnined by t h e  sum of t h e  r e s i s t -  
ances  of  a12 t h r e e  b lade  segments. Neglecti l ig c Q m p r e s s i t i l i t y ,  we 
call w r i t e :  

CorrelaLing t h e  flow parameter ;  a t  t h e  e x i t  f rom t h e  Loncave 
(convex) p r o 2 i l e  segment w i t h  t h e  flow parameters  a t  t h e  e x i t  from 
t h e  b lade ,  and cons ide r ing  t h a t  t h e  t o t a l  p r e s s u r e  a t  the e x t t  from 
t h i s  segment pIf is equa l  t o  the  t o t a l  p r e s s u r e  a t  the  e n t r a n c e  t o  t h e  
c o o l i n g  channels  in the t r a i l i n g  ec'ge, i .e . ,  

&=& FllL & 
G~ F I I  WIII PII 1111 

we o b t a i n :  

i s  the h y d r a u l i c  r e s i sLance  d o e f f i c i e n t ,  whizn L A  be G I  Heze , 
found from t h e  curve of Figu.re 6.1.5, o r  froin t h e  data o f  [203; 
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TTI - a i r  temperature at en t rance  t o  t r a i l i n g  edge cool ing  
a i . -  channel; 

--air  temperature r ise i n  t r a i l i n g  edge segment; 

t h e  quan t i ty  A is defined by the r e l a t i o n  ( i n  gasdynamic func t ions )  
ATIII 

AIIIand n(AIII) - Pound from gasdynamic func t ion  tables. 

The magnitudes of the a i r  temperature rise i n  t h e  blade AT and i n  the  
p r o f i l e  segments AT11 and ATIII are s p e c i f i e d  on the  basis of pre- 

l iminary ca l cu la t ions ,  and ere ?ef ined d u i n g  detailed thermal analy- 
sis of the blade.  

The ailr f lowra te  appears i n  i m p l i c i t  form i n  t he  r igh t  side of  
(6.22), and i s  determined by success ive  approximations. 

If we consider  blades in which t h e  flow c h a r a c t e r i s t i c s  are 
determined by the  l ead ing  edge segment hydraul ic  r e s i s t a n c e ,  t hen  
f o r  s u f f i c i e n t l y  high temperatures Ti, T T and pressure  pIII: 

g' 

and 

I n  many e x i s t i n g  blade designs w i t h  d e f l e c t o r s ,  t he  f r i c t i o n  
l o s s e s  i n  t he  cool ing channels o f  the middle par t  of t he  b l ade  are 
small. 
meters at t h e  blade e x i t ,  w i l l  be: 

Then t h e  reduced cool ing a i r  f lowra te ,  r e f e r r e d  t o  para- 
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T h i s  r e l a t i o n  is normally used for 
c o r r e l a t i n g  exper imenta l  data when 
determining the  f low c h a r a c t e r i s t i c s  
of cooled blades. 

The curve of Figure  6.17 shows 
t h i s  exper imenta l ly  confirmed r e l a t i o n .  
t y p i c a l  for  d e f l e c t o r - t y p e  blades, 

where the ca scale is magnified by a 

f a c t o r  of t e n .  

It is w e l l  known that r o t o r  r o t a -  
t i o n  i n f l u e n c e s  the h y d r a u l i c  resist- 
ance i n  coo l ing  systems.  Rotor  r o t a t i o n  

I 1 - . A ... 

Y 20 25 qb .I.-* 
C .  ~. 

Figure  6.17. Cool ing a i r  
f l o w r a t e  (referred t o  para- 
meters a t  the e x i t )  th rough 
the i n t e i m a l  channels  of a 
blade w i t h  d e f l e c t o r ,  ob- 
t a i n e d  from r e s u l t s  of 

tests w i t h  h e a t i n g  

causes  compression of  the 
a i r  i n  the blade, and a l s o  the appearmice o f  mass f o r c e s  as a r e s u l t  
of c e n t r i p e t a l  and C o r i o l i s  a c c e l e r a t i o n s .  However, r o t o r  r o t a t i o n  
can be neg lec t ed  f o r  b l a d - s  of t h e  c o n f i g u r a t i o n  examined here r16]. 
This has  been confirmed by the r e s u l t s  of comparat ive tests (under  
s t a t i c  and r o t a t i n g  c o n d i t i o n s )  of  three t u r b i n e  r o t o r s  d i f f e r i n g  
i n  dimensions.  

Thus, t h e  r e l a t i o n s  ob ta ined  make it p o s s i b l e  t o  determine the 
shape and dimensions c f  t he  coo l ing  a i r  channels  i n  blade des ign ,  
and also make i t  p o s s i b l e  t o  perform check c a l c u l a t i o n s ,  Inc lud ing  
those  f o r  e x i s t i n g  blades, i n  d i f f e r e n t  gas t u r b i n e  engine o p e r a t i n g  
regirres .  

6.5. Determining Cooled Blade Temperature 

6.2.1.- E_xgmEle - - - - - - - - - -  of r o t o r  blade temgerature  - - - - - -  c a l c u l a t i o n  - -  

We shal l  use  t h e  r e l a t i o n s  p re sen ted  i n  t he  preceding  s e c t i o n s  
t o  determifie cooled r o t o r  blade tempera ture  i n  t h e  engine o p e r a t i n g  
reginles determined by Its o p e r a t i o n a l  c o n d i t i o n s .  
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Parameter Symbol 

4a Diameter G f  blade mean s e c t i o n  
k 

I 
. . . - .-. 

Dimension 

0;a 0 

The basic data f o r  the c a l c u l a t i o n  are: cool ing a i r  and gas 
parameters, obtained from gasdynamic a n a l y s i s  of t h e  t u r b i n e  w i t h  

account f o r  hea t ing  of t h e  air  i n  t h e  sys t em supplying t h e  a i r  t o  
t h e  blade and f o r  the gas temperature f i e l d  averaged f o r  the r ad ius  
at  which the  blade s e c t i o n  being analyzed Is loca ted ;  s e c t i o n  geo- 

metric  c h a r a c t e r i s t i c s ,  inc luding  p r o f i l e  cascade and cool ing  channel 
dimensions. These parameters are shown i n  Tab le  6.1. 

Length of blade p r o f i l e  part (a i r foi l )  

* TABLE 6.1. 

A Qblg-~U 

~ ~~~~ 

Area of annular  s e c t i o n  a t  bladed cascade 
i n l e t  

Hydraulic diameter cf leading  edge 

s.0.Ig-s fl . Area of holes  i n  d e f l e c t o r  

Hydraulic diameter of ho le s  i n  d e f l e c t o r  . -  

._  
I - 

Maximum d i s t a n c e  from leading  edge i n n e r  5*0-te-s m 
su r face  t o  d e f l e c t o r  ho les  *- 

Reduced leading  edge o u t e r  r ad ius  

c 1 1 -  

0 , m . w  I) 
1 

Reduced leading edge inne r  r ad ius  
I 

C h a r a c t e r i s t i c  dimension of blade middle 
aegment ( p r o f i l e  chord) - I I 

Proi’ile cascade i t i t e rb lade  c h a m e l  
th roa t  a r e a  

Hydraulic diameter of gap between 
d e f l e c t o r  and blade i n n e r  su r face  

1 . 1 . p  m 

(Table continued on fol lowing page) 
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Parameter Symbol 

Cross s e c t i o n  area of gaps between 
d e f l e c t o r  and blade 

Diniension 

~~~~~~ ~ ~~~~ 

S l o t  area in blade t r a i l i n g  edge - .  

Hydraulic diameter of s l o t s  i n  t r a i l i n g  edg 

S l o t  width in blade t ra i l ing  edge 

c 

. I  

Geometric e x i t  angle  bo% I . 

I’ r I 1 b W . m  ; Blade wall thickness i n  middle segment 

- 
av : 

Geometric en t rance  angle I m3 I tw 

Note. h I ,  h I I ,  h I I I  are t h e  l eng th  over which holes  are loca ted  /161 

i n  t he  d e f l e c t o r ,  the  d e f l e c t o r  length  i n s i d e  the  blade, and the 

length of t he  s l o t  i n  the t r a i l i n g  edge, r e spec t ive ly .  

We take from the gasdynariic a n a l y s i s  t h e  requi red  data, cor re-  
sponding t o  the tu rb ine  opera t ing  regime fo r  which t h e  blade ternpera- 
t u r e  is t o  be ca l cu la t ed .  

The gas f lowra te  through the  first (cooled) t u r b i n e  a tage  s t a t o r  
is 0, = 157 kg/s, and s i n c e  the a i r  which cools  the  s t a t o r  vanes . 

e n t e r s  the main stream, t h e  f lowra te  through the  r o t o r  blades w i l l  
be greater and i n  t h e  considered example 0, - 160 k g / s ,  i .e . ,  
approximately 2% o f  the  gas f lowra te  is used t o  cool  t h e  s t a t o r  vanes. 

The mass-average tu rb ine  s t a t o r  i n l e t  gas temperature TB = 1373K, 

- 1246 K ,  t he  a i r  temperature a t  t he  compressor o u t l e t ,  where i t  

3 
the  temperature i n  t h e  r e l a t i v e  motion at t h e  r o t o r  blade en t rance  

w 

i n n  



j c -  I 

is taken for  blade cool ing TE = 710 K, and t h e  a i r  temperature a t  

the engine en t rance  T i  = 3A3 K. 

The pressure  ratios i n  t h e  roto2 blade cool ing sys t em ncool 

and i n  the t u r b i n e  stage nT are approximately t h e  same and equal  
t o  2.28. 

r 

The temperature T of  t h e  gas approaching the  r o t o r  blades, 

which is used i n  determining the blade temperature, differs from t h e  
t o t a l  gas temperature i n  t he  r e l a t i v e  motion Tf 

equal  t o  the d i f f e r e n c e  between the  temperature averaged over  t h e  
diagram at  the given r ad ius  T* and the  mass-average temperature T* 

g 

by a magnitude 

Q 3' 

x 

which is characterized by the quan t i ty  * % = - 1 ~ = - g O o  5-i. A k a  
r s - r f  G-C 

on t h e  one hand, and by t h e  amourit o f  added a i r  which has cooled t h e  
s t a t o r  vanes, on the  o t h e r  hand. 

With accuracy t o  
w e  can write: 

e q u a l i t y  of the a i r  and gas s p e c i f i c  heats, /I62 

Then, t h e  temperature of t h e  gas approaching t h e  r o t o r  blades 

Tg = '"2 ")mix + ATciiag* 

For ou r  example, T = 5.0%; then,  

l&lO 
lam P l ~ - u 7 - = ~ i f  P ma+ o*a.''* ~ lm & ('b) 

T:iX I +o.a mix - 

and 
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Along the path t o  t h e  r o t o r  blades, t he  cool ing a i r  is heated 
i n  the supply channels because of heat input  from t h e  more h i g h l y  
heated elements wi th  which the a i r  comes i n t o  contac t ,  which experi-  
ence shows amounts t o  10  - 20°,  and as a r e s u l t  of a d d i t i o n  t o  t h e  
a i r  of the work expended i n  g iv ing  the a i r  a v e l o c i t y  equal  t o  t h e  
blade c i r cumfe ren t i a l  ve loc i ty .  For c i r cumfe ren t i a l  ve loc i ty  a t  the 
mean blade s e c t i o n  u = 340 m / s ,  t h i s  temperature rise is AT - 
m :--=*. 
2 a i  

a i r  approaching t h e  blade Ta = 710 + 20 t 50 = 780 K. 

Thus, we can cons ider  that the  temperature o f  t h e  cool ing  

We could reduce the cool ing a i r  temperature by s w i r l i n g  it i n  
the  d i r e c t i o n  of r o t a t i o n  of the  r o t o r  blades. This  s w i r l i n g  of  t k e  
a i r  is accomplished dur ing  i t s  expansion i n  a p r o f i l e  cascade analo- 
gous t o  the  s t a t o r  r i n g .  Here, p a r t  of the a v a i l a b l e  pressure  d i f -  
fe rence  i s  expended i n  the cascade which swirls the  air ,  and the 
remainder is expended i n  overcoming t h e  hydraul ic  r e s i s t a n c e  of  the 
channels through which the a i r  flows. 

Therefore,  use of such a cascade, i f  there are no l i m i t a t i o n s  
of cons t ruc t iona l  o r  t e c t n . , l o g i c a l  na tu re ,  is advisable  i f  there is 
a pressure  d i f f e r e n t i a l  s u f f i c i e n t  t o  ensure the a i r  f lowra te  through 
t h e  blades requi red  f o r  t h e i r  cool ing.  

If the cool ing a i r  passing through t h e  preswirl  cascade is i m -  
parted a ve loc i ty  such that i t s  c i r cumfe ren t i a l  component is equal  t o  
the Circumferent ia l  ve loc i ty  of t h e  d i s k  r i m  a t  t h e  l o c a t i o n  of the  
channels supplying t h e  a i r  t o  t h e  rocjt p a r t  of t he  blade, then t h e  
cool ing a i r  temperature decreases  by 35O ( u  - 280 m / s  and a 

which corresponds t o  temperature reduct ion  I n  compariso!; w i t h  absence 
of s w i r !  by about 70'. 

= 1001, 
1 P  

Taking i n  t h e  ? resent  example P I - C I I I  (see s e c t i o n  6 . 4 ) ,  and 
spec i fy ing  the  r e l a t i v e  cool ing a i r  f lowra te  i n  the  considered 
regime equal  t o  1.6%, we f i n d  t h e  'jarmeter groups appearing i n  t h e  
func t iona l  r e l a t i o n s  (6.131, (6 . l . : ) ,  (6.17):  



t 

I -*A- 

I n  most cooled blades encountered i n  p r a c t i c e ,  we can assume / I63  
adequate accwacy (’-2%) that  &,-a. Ther., f o r  the considered blade 

‘R . rua . ,  and w e  f i n d  from Figure 6 .1 i ,  BI (e) 0.306 T 
= 0.41, since 

This corresponds t o  a blade leading  edge temperature:  

For t h e  middle p a r t  of t h e  blade (concave and convex sides) 

T 0.2 
We f i n d  from Figure 6.12 t h a t  O I I ( f )  = 0 .32 ,  arid s i n c e  

0.2 0.2 
(Tg) 
Ta 

temperature will be: 

= (w,) = 1.103, then B I I  = %& - 0.29, and t h e  biade 
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For the t r a i l i n g  edge segment: 

We f i n d  from F i g u r e  6.13 t h a t  eII1(Tg/Ta) o * 2  = 0.345, and eIII I 

-'*=-o,m, and t h e n  the blade tempera ture :  
l*lm 

- ( T  - Ta) = 1287-0,512(1287-~)~1128~ Tb 111 - Tg - %I1 g 

I f  t h e  tempera ture  o f  any blade segment i s  greater t h a n  can be 

al lowed on t h e  basis o f  s t r e n g t h ,  i t  can be  reduced somewhat by in-  
c r e a s i n g  t h e  c o o l i n g  a i r  f l o w r a t e ,  f o r  example, from 1 .6  t o  2.0%. I n  
o u r  example, t h i s  i n c r e a s e s  BI from 0.29 t o  0.335, and r educes  t h e  

blade temperature by 23O. I n  o r d e r  t o  pass through t h e  b l ade  an  
a d d i t i o n a l  amount o f  c o o l i n g  a i r  above t h e  amount f o r  which it was 
des igned ,  I t  is  necessary  t o  i n c r e a s e  t h e  area o f  t h e  channel  sec-  
t i o n s  l i m i t i n g  t h i s  f i o w r a t e ,  a f t e r  which w e  check t h e  r e s u l t i n g  tem- 
pe r s tu re  change on the other  blade segments.  

The blade t empera tu re  i n  regimes d i f f e r i n g  from t h a t  cons ide red  
R e g  and Ea 

g 1' 
can b e  determined by f i n d i n g  t h e  va lues  of R e  

cor responding  t o  t h e  new regime and us ing  t h e  same graphs.  

L e t  us  assume tha t  i n  t h e  c r u i s i n g  regime of i n t e r e s t  we have 
e 1 1 1 0  K, T! = 660 K ,  G = 143 kg/s ,  and the  r e l a t i v e  c o o l i n g  a i r  TE €5 

f l o w r a t e  remains t h e  same as b e f o r e  ca = 1 .6%.  

t h e  p reced ing  d i s c u s s i o n :  

Then, by analogy w i t h  

i 
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We see t h a t  t h e  r e s u l t i n g  blade p r o f i l e  segment t empera tu res  are 
less t h a n  1000 K.  Th i s  i n d i c a t e s  t h a t  t h e y  must be cons ide red  t h e  
first approximation,  s i n c e  f o r  t h e i r  d e t e r m i n a t i o n  w e  t ogk  811-8.(11-8#111-1 . 
The second and u s u a l l y  s u f f i c i e n t  approximat ion  w i l l  b e  d e t e r m i n a t i o n  
of t h e  blade t empera tu re  w i t h  account  f o r  t h e  i n f l u e n c e  of t h e  tem- 
p e r a t u r e  f a c t o r ,  which f o r  t h e  t empera tu res  Tb I, Tb 11, Tb 111, ob- 

t a i n e d  i n  accordance w i t h  [4], w i l l  b e  &I=W and e ~ t 1 = 8 # 1 1 n = I ~ .  

T h i s  re f inement  does no t  a l t e r  t h e  blade t empera tu re  very  much 
( u p  t o  5O), which i s  a l r e a d y  q u i t e  low. T h i s  makes it p o s s i b l e  i n  
the c r u i s i n g  regimes t o  improve eng ine  economy by c u t t i n g  o f f  t h e  a i r  
supply t o  t h e  cooled  blades. I n  t h i s  c a s e ,  t h e  maximal t empera tu re  
on any p a r t  of  t h e  b l a d e  w i l l  no t  exceed t h e  tempera ture  o f  t h e  gas  
approaching t h e  blade. 

Such t e r m i n a t i o n  o f  t h e  c o o l i n g  a i r  supply  has found a p p l l c a t l o n  
i n  some a i rcrcf t  engine  des igns  (see,  f o r  example, B r i t i s h  p a t e n t  
General  Motors No. 1,286,785, 1970) .  

When d i s c h a r g i n g  t h e  c o o l i n g  a i r  through s l o t s  i n  t h e  b l a d e  

t r a i l i n g  edge, t h e  edges themselves  must be made cons ide rab ly  t h i c k e r  
t h a n  u s u a l ,  which i n c r e a s e s  t h e  edge l o s s e s .  Cool ing a i r  d i s c h a r g e  
through s l o t s  i n  t h e  t r a i l i n g  edge a ids  c o n s i d e r a b l y  i n  r educ ing  t h e  
edge l o s s e s .  Thus, w i t h  d i s c h a r g e  througn t r a i l i n g  edge s l o t s  of  a n  
amount o f  a i r  equa l  t o  about  1% of  t h e  a i r  f l o w r a t e  through t h e  i n t e r -  
b l e J e  channels ,  t h e  edge loss c o e f f i c i e n t  E,, d e c r e a s e s  by about  a 

f a c t o r  o f  two i n  comparison w i t h  i t s  v a l u e  i n  t h e  absence of d i s c h a r g e  
[19]. Therefore ,  complete c u t o f f  o f  t h e  c o o l i n g  a i r  is not  advisable,  
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p a r t i c u l a r l y  s i n c e  t h e  p o s s i b i l i t y  or gas l eakage  i n t o  t h e  b l a d e s  
and t h e  a s s o c i a t e d  contaminat ion  of t h e  channels  and s l o t s  through 
which t h e  c o o l i n g  a i r  f lows i s  n o t  prec luded .  

It remains t o  be seen  whether  t h e  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  
used i n  t he  a n a l y s i s ,  w i t h  i ts  parameters  determined by t h o  engine  
o p e r a t i n g  regime, w i l l  f low through t h e  blade i n n e r  c a v i t y .  Rela- 
t i o n s  ( 6 . i g j  - (6 .22)  make i t  p o s s i b l e  t o  de te rmine  t h e  c o o l i n g  a i r  
f l o w r a t e  through t h e  blade f o r  g iven  blade geometry and a i r  pars- 
meters. For t h i s ,  we need t o  know t h e  magnitude of  t h e  a i r  tempera- 
t u r e  r i s e  i n  t h e  heat exchange p r o c e s s ,  which I s  determined from de- 
t a i led  c a l c u l a t i o n  o f  t h e  blade t empera tu re .  

T h i s  c a l c u l a t i o n  was no t  made i n  t h e  example c i t e d  above. There- 
f o r e ,  w e  carr s p e c i f y  t h e  magnitude of t h e  a i r  t empera tu re  r i s e  i n  t h e  
blade, which i n  t h e  p r a c t i c a l  range  of v a r i a t i o n  o f  r e l a t i v e  c o e l i n g  
a i r  f l o w r a t e s  1 . 5  - 2.5% and s u r f a c e  thermal f l u x  d e n s i t i e s  q = ( 1 2  - 
1 6 )  1 0  W/m amount t o  150° - 250° ( f o r  t h e  s t a t o r  vanes - 250' - 
35QO). Then, we de termine  t h e  c o o l i n g  a i r  f l o w r a t e  us ing  (6.23). 
We shall c a l c u l a t e  t h e  q u a n t i t i e s  appea r ing  i n  t h i s  expres s ion .  

5 2 

According t o  (6 .20 ) ,  t he  h y d r a u l i c  r e s i s t a n c e  c o e f f i c i e n t  i n  
t h e  l e a d i n g  edge r e g i o n :  

where nb = 2.28 - r a t i o  o f  t h e  c o o l i n g  a i r  p r e s s u r e  a t  t h e  e n t r a n c e  
t o  t h e  blade t o  t h e  pressure a t  t h e  e x i t  from 
t h e  blade. 

For  c o o l i n g  a i r  d i s c h a r g e  through the  b lade  t r a i l i n g  edge s l o t s ,  t h i s  

I s  t h e  r a t l o  of t h e  p r e s s u r e  a t  t h e  e n t r a n c e  t o  t h e  b l a d e  t o  t h e  pres- 
sure  downstream o f  t h e  s t a g e ,  e q u a l  i n  p r a c t i c e  t o  t h e  p-:essure r a t i o  
developed a c r o s s  t h e  stage,  l . e . ,  m b  'L ' L n  T. 
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Using Bigure 6.15, we f i n d  the  h y d r a u l i c  r e z l s t a n c e  c o e f f i c i e n t  
i n  t h e  middle segment o f  t he  b lade .  For 

and 

Here w e  have assumed that t h F  segment i n  which t h e  channels  be- 

tween the  d e f l e c t o r  and blade in1,er s u r f a c e  are l o c a t e d  amount t o  66% 
o f  the p r o f i l e  chord. 

The h y d r a u l i c  r e s i s t a n c e  c o e f f i c i e n t  o f  a l l  t h e  i n t e r n a l  b l a d e  
channels  {~=t ,  +& I + ;I I =296+Ql f  +'1,5=I.F3 . 

I n  acccrdance  wi th  (6 .21) ,  t he  r a t i o  o f  t h e  a i r  f l o w r a t e s  through 
the  blade f o r  flow through the  blade heated by t he  gas and f o r  iso- 
therqal f low when T = Ta = Tb,  w i l l  be:  

g 

From F igure  6.17, f o r  m b  = 2.28, we f i n d  Ea = 0.09 ,  and usir.;5 
(6 .23) :  

- n s l a t o r ' s  n o t e .  I n  t h i s  equa t ion ,  t h e  l a s t  term of  t h e  denomi- 
n a u 3 r  should  c o r r e c t l y  b e  90 l o o 6 .  
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Here, Ar-m- a i r  tempera ture  r i se  i n  t h e  blade; 

I f  20° l a r g e r  a i r  tempera ture  r i se  were used i n  t h e  c a l c u l a t i a n ,  
i .e.,at=MJK, t h e  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  would be 1.67%. 

T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  c o o l i n g  a i r  f l o w r a t e  used i n  cal-  
c u l a t i n g  the  blade t empera tu re  a c t u a l l y  w i l l  f low through the  blade. 

I n  co3led b lade  d e s i g n  p r a c t i c e ,  w e  may encounter  c a s e s  i r  Jh 

i t  w i l l  be d i f f i c u l t  t o  e v a l u a t e  t he  magnitude o f  t h e  a i r  tempera$.dre 
r i se  i n  t h e  blade, o r  i n  which more e x a c t  d e t e r m i n a t i o n  of  t h e  r e l a -  
t i v e  c o o l i n g  a i r  f l o w r a t e  w i l l  be r e q u i r e d .  Then i t  is  necessa ry  
t o  u t i l i z o  (6 .22 )  which, i n  t u r n ,  r e q u i r e s  - as ncrted p rev ious ly  - 
deta i led  c a l c u l a t i o n  o f  the  heaS exchange p rocess  i n  t h e  b l a o  . 

T h i s  problem can  be so lved  more simply u s i n g  t h e  dependence u f  

t h e  r a t i o  (m) o f  t h e  c o o l i n g  a i r  f l o w r a t e s  through t h e  b l ade  f o r  iso- 
thermal flow and under real blade o p e r a t i n g  c o n d i t i o n s  on the ';em- 
p e r a t u r e  o f  t h e  a i r  and the  blade, o b t a i n - 3  as a r e su l t  of  e x p e r i -  
menta l  s tudy  of  cooled b lades  w i t h  a i r  p r e s s u r e  r a t i o  nb % 2 . 2  - 2.5 
(F igu re  6 .18) .  

To t h i s  end, we c a l c u l a t e  '-,he flow c h a r a c t e r i s t i c  of t h e  b l ade  
o f  g iven  dimensions w i t h  i s o t h e r m a l  f low; from i t ,  we de termine  %he 
unheated ( c o l d )  p i r  f l o w r a t e  Ga cold f o r  t h e  p r e s s u r e  r a t i o  c o r r e -  

sponding t o  t h e  cor ,d i t ions  under whicn t h e  b l a d e  o p e r a t e s ,  and 



I 

InZroduce a c o r r e c t i o n  t o  the  va lue  of m t a k e n  from F igure  6.18. The 
c a l c u l a t i o n  sequence is as f o l l c w s .  

F igu re  6.18. C o e f f i c i e n t  rn as f u n c t i o n  of b l a d e  
tempera ture  and c o o l i n g  a i r  t empera tu re  f o r  

IT = 2.2 - 2.5 and p 2  2 Bo 
b 

We take v a r i o u s  p r e s s u r e  r a t i a e  anfi, assurliing t h a t  t h e  e x i t  pres- 
s u r e  is barometr ic  ( I S A )  and t h e  a i r  tempera ture  Ta = 288 K ,  f i n d  the  

a i r  flowrate through the blade from t h e  equa t ion :  

Ga c o l d  = w ( a Z / T > F a  111 q(X) kg/ s  f o r  k = 1 . 4 ,  m = 0.04C4.  

We determine  the  Q e f f i c i e n t  r s f  a i r  f l o w r a t e  through t h e  blade,  
n e p l e c t b g  t h e  h y d r a u l i c  resistance in t h e  middle segment of t h e  

blac..e because of  i t s  sma.l:.ilt.ijz, from t h e  r e l a t i o n :  

The c a l c u l a t i o n  data are  summarized i n  Table 6 .2 ,  and are repre- 
sent?d g r a p h i c a l l y  i n  F igu re  6.19. 

The c o o l i n g  i i r  f l o w r a t e  throug? a s i n g l e  blade for  Gcool - 1.6% /168 
ir t h e  des ign  m glme , reduced t o  t he  d e s i g n  parameters  : 
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Flow c o e f f i ; i + n t  1.1 1.0.408 0,459 

A i r  f l o w r a t e  Gaacold b. 1w3l 9.8-10-3 

I 

0.48~ I opit 

12m- 1~~15s- IO-a 

TABLE 6.2.' 

Here, 

%016* 0,016-leO - - - 
a Ga - -= 

t 

0.0312 kg/s. 

The d i f f e r e n c e  between 

the reduced c o o l i n g  a i r  v @ ts w 
F i g u r e  6.19. F lowra te  through i n t e r -  
n a l  a i r  c o o l i n g  channels  o f  ana lyzed  

f l o w r a t e s  through the  blade 
f o r  isothermal flow Gz cool 

and f o r  flow wi th  h e a t i n g  
Gat i s  acconnted f o r  by the  

c o e f f i c i e n t  m, which f o r  t h e  cons ide red  example is e q u a l  t o  0.89 
(see Figure  6.18) .  Then: 

blade w i t h  d e f l e c t o r  

Reduced t o  s t a n d a r d  atmospheTic c o n d i t i o n s  (Bo,  T o ) :  

Thus, i f  t h i s  a i r  f l o w r a t e  passes through t h e  blades w i t h  t h e  
g iven  p r e s s u r e  r a t i o ,  t h e n  i n  t h e  d e s i g n  regime t h e  blades w i l l  pass 
the  amount assumed i n  t h e  c a l c u l a t i o n  Fcool = 1 . 6 % .  

F igure  6.19 t h a t  t h e  a i r  f l o w r a t e  0, cool = 0.0113 kg/s cor responds  

t o  t h e  p r e s s u r e  r a t i o  nb = 2.28. 

We see from 

z 

ccnsequen t ly ,  an amount o f  a i r  

200 



I I 
.ms. . . i 

1 

1 

which ensures cooling of the blades t o  the specifled temperature 
will pass through the blades (@143>fM1@). 

This technique for determining the cooling air flowrate through 
the blade is less exact than use of (6.22) or (6.23); however, it is 
adequate for preliminary design calculations and for entry on the 
blade working drawing. The latter is necessary in order to evaluate 
the correspondence of the cooling channel flow sect€on areas to those 
given by the drawing with respect to air flourate through the fin- 
ished blade pressure ratio between the blade entrance and exit (for 
example, nb = 2.0). Usually the air flowrate is measured by flow 

testing a blade positioned in a special adapter using "shop1' air, 
and is compared with the flowrate shown on the drawing. 

When calculating the stator vane temperature, we determine the 
gas temperature with account for temperature field nouuniformity et 
the exit from the combustion chamber. The degree of this nonL.tiform- 
ity is characterized by the coefficient T, which is the ratio of the 
difference between the maximal T: max and mass-average T* t em- 

peratures to the magnitude of the air temperature rise in the corn- 
g.mav 

bustion chamber, defined by the temperature difference Timmav - Ti: 
- max - T;.mav 

g.mav - TE 'max - T* 

This definition of the degree of gas temperature field nonuni- 
formity at the exit fromthe combustion chamber assumes that, for 
constant rmx) the difference between the maximal and mass-average 

temperatures will be smaller, the less the atr is heated in the 
combustion chamber. 

Consequently, if we take an engine regulation law such that with 
flight speed increase the mass-average turbine inlet gas temperature 
remains constant, then for a given degree of nonuniformity, the 
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maximal tempera ture  w i l l  d ec rease .  I n  t u r n ,  t h e  q u a n t i t y  T~~~ a l s o  

depends on t h e  degree of a i r  t empera tu re  r i se  i n  t h e  combustion 
chamber and i n c r e a s e s  w i t h  i n c r e a s e  o f  t h e  l a t te r .  This i s  a s s o c i -  
ated wi th  the fact  t h a t  t h e  coxbus t ion  chamber i n  t h i s  case beg ins  
t o  o p e r a t e  w i t h  r i che r  mix tu res ,  l .e. ,  w i t h  less excess  a i r .  

3.1.10Jm I c I =  * 

- I n  t h e  cons idered  c a l c u l a t i o n  example, w e  assume tha t  fmax - 
0.25; t h e n  T* = Tg-,,av + r(Ti.mav - TE) = 13?3+o,zi(13n-1_1&~ ._- - -  . The 

t e s p e r a t u r e  of the c o o l i n g  a i r  e n t e r i n g  t h e  vane w i t h  account  f o r  
temperature rise a l o n g  t h e  supply  path Tg = r: +W=taelf. 

Q 

- 

The vane and i n t e r n a l  channel  c h a r a c t e r i s t i c  dimensions i n  the 
n o t a t i o n s  used f o r  the  r o t o r  blades are summarized i n  T a b l e  6 . 3 .  

Symbol 

* 
TABLE 6.3. 

Dimension I Symbol I Dimension 

6.2-10-S Y 

0.21 119 
1.8- 10-8 Y 

35.10- yo 
5.0.10- Y 

2- 10-3 Y 

gfI 
d 

To determine t h e  tempera ture  of t h e  c h a r a c t e r i s t i c  vane seg-  
ments,  w e  s p e c i f y  t h e  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  ccool = 1 . 8 % ,  

and by analogy w i t h  t he  r o t o r  blade temperature c a l c u l a t i o n ,  we u s e  
t he  f u n c t i o n a l  r e l a t i o n s  (6 .13) ,  (6.151, (6.171, r e p r e s e n t e d  graphi-  
c a l l y  i n  F igu res  6.11 t o  6.13, r e s p e c t i v e l y .  

We c a l c u l a t e  t h e  q u a n t i t i e s  appea r ing  i n  these e x p r e s s i o n s :  
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Tg 111 = I540 - 0.4-liIO c IrUe'K. . , 
The c a l c u l a t i o n  o f  t h e  amount of  a i r  which f lows  through t h e  vane is  
made j u s t  as f o r  t h e  r o t o r  b l ade .  

L e t  us  see how much the  tempera ture  o f  t h e  blade segments 
changes i n  f l i g h t  wi th  Mf = 2.2 at an a l t i t u d e  o f  H = 11 km. 

we n e g l e c t  t h e  change o f  t he  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  because 
of change of t h e  flow regime i n  t h e  c o o l i n g  sys t em channe l s ,  and 
c o n L i d e r  on ly  t h e  i n f l u e n c e  o f  t he  cool i i lg  a i r  t empera tu re ,  I n  o t h e r  
words, we c o n s i d e r  t h a t  t h e  r e i a t i v e  c o o l i n g  a i r  f l o w r a t e  v a r i e s  
i n v e r s e l y  as the  squa re  f o o t  of t h e  tempera ture  r a t i o .  Consequently,  

Here, 



I 

I-,..- 

.'. 

u 

I 

I ~. + . . ... ,_ - . .i- .-A: +-- I 1 

The mass-average t u r b i n e  i n l e t  gas t empera tu re  i n c r e a s e s  and 
becomes e q u a l  t o  ?j mav - 1395 K ,  t h e  compressor e x i t  a i r  t empera tu re  

i n c r e a s e s  t o  TE = 823 K,  and t h e  degree of gas t empera tu re  nonuni- 

fo rmi ty  a t  the  t u r b i n e  i n l e t  dec reases .  

Then, T+ 

We assume t h a t  T~~~ = 0.20. /171 

- TE) = I S + O . ~ O ( I ~ ~ ~ - - ~ ~ ~ ~ ) = I S I O K  - - mav + f (Tz mav g max 

Thus, t h e  d e s i g n  (maximal) t empera tu re  o f  t h e  gas approaching  
t h e  s t a t o r  vanes decreases i n  comparison w i t h  t h e  p reced ing  regime 
by % 30°.  If w e  n e g l e c t  t h e  change o f  the  Reynolds numbers R e  

a s s o c i a t e d  w i t h  the  k inemat i c  v i s c o s i t y  r e d u c t i o n ,  and and R e  

t he  i n f l u e n c e  o f  t h i s  change on t h e  magnitude o f  t h e  d imens ion le s s  
groups p l o t t e d  on the  a b s c i s s a  axes o f  F igu re  6.11 and 6.12, where 
t h e y  appear  t o  the powers 0.21 and 0.12, r e s p e c t i v e l y ,  WE f i n d  that  
the  v a l u e s  o f  these groups vary i n  p r o p o r t i o n  t o  t n e  r e l a t i v e  a i r  
f l o w r a t e .  

f3I 

g 11, 

Consequently,  

21 = 4 , ~ - ~ 8 . ~  I D S  - 
P e g  I $,)f 1 8  

I' 0.- el($ = 0 ~ 4 %  e, = o D a  
s c 

Theil, the  blade l e a d i n g  edge t empera tu re  w i l l  b e  Tb I = I S l M a . - =  

IBoR,. i ,  e . ,  it d e c r e a s e s  by 25'. 

For t h e  middle  p a r t  o f  t h e  blade:  

and 8f~-Oj46. and T b f , = 1 ~ i ~ . ~ = i m ~  a l s o  i n c r e a s e s  by 33'. And f o r  

the  Dlade t r a i l i n g  edge, Gcool~t , , , ) f  = 0.77; eIII (T /T b 1 O o 2  = 0.42;  
- 

= 0.372, and Tb = 1255 K ,  which exceeds t h e  t empera tu re  o f  I11 u 

t h e  t r a i l i n g  edge segment i n  comparison w i t h  t h e  s t a n d  regime 
by 'L 40°. 
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T h i s  example shows how we can de termine  the  cooled  blade t e m -  
p e r a t u r e  i n  var ioLs  engine  o p e r a t i n g  regimes u s i n g  t h e  r e l a t i o n s  
(6.13) ,  (6.151, and (6.17). 

These r e l a t i o n s  make it p o s s i b l e  t o  e v a l u a t e  t h e  i n f l u e n c e  on 
c o o l i n g  e f f e c t i v e n e s s  of d e v i a t i o n s  of t h e  blade element  c h a r a c t e r -  
i s t f c  dimensions from the  va lues  usea i n  t h e  des ign ,  which is  very  
impor tan t  f o r  s e l e c t i n g  methods f o r  i n s p e c t i n g  t h e  blades and J u s t i -  
f y i n g  t h e  magnitude o f  t h e  a l lowab le  d e v i a t i o n s  d u r i n g  blade manu- 
f a c t u r e .  L e t  us assume t h a t  when F a b r i c a t i n g  t h e  s t a t o r  vane, whose 
c a l c u l a t i o n  was made as the  example, t h e  c l e a r a n c e  611 between t h e  

vane i n n e r  s w f ' a c e  and t h e  d e f l e c t o r  i n  the  b l ade  concave and convex 
segment i n c r e a s e s  by 0 .2  mm. I n c r e a s e  o f  t h i s  c l e a r a n c e  does not  
i n f l u e n c e  the  blade flow c h a r a c t e r i s t i c ,  s i n c e  i n  t h i s  case  t h e  
s e c t i o n  l i m i t i n g  the  a i r  f l o w r a t e  through t h e  c o o l i n g  channels  i s  
t h e  s e c t i o n  a t  the  blade t r a i l i n g  edge, and t h e  change of  the  con- 
sidered blade segment r e s i s t a n c e  does not  have any marked i n f l u e n c e  
on t h e  flow c o e f f i c i e n t  , s i n c e  it i s  very  small i n  comparison w i t h  

t h e  h y d r a u l i c  r e s i s t a n c e  of  t h e  l e a d i n g  and t r a i l i n g  edges. Conse- 
q u e n t l y ,  t he  r e l a t i v e  c o o l i n g  a i r  f l o w r a t e  remains unchanged wi tn  
t h i s  v a r i a t i o n  o f  the c l e a r a n c e  611. 

a c t e r i s t i c  changes,  which i s  ref lected i n  t h e  parameter 
i n c l u d e s  da II and Fa II. 

Only t h e  blade geometr ic  char -  

st;. which 

For t h e  new v a l u e s  da II = 1 . 6  

?Brr=ldl 9 G c o o l R e g  11 

m, and Fa II = 93.5 
-- 

$ # I =  1.36. T h i s  cor responds  (see F igure  2 m ; 

6 . 1 2 )  t o  BII(Tg/T,)o*2 = 0.270,  and 011 = 0.249, and the  blade t e m -  

p e r a t u r e  Tb = Tg* - 0 

p e r a t u r e  i n  t h e  cons ide red  segment i n c r e a s e s  by  70' i n  comparison 

(T - T,*) = 1346 K .  Thus, t h e  blade tem- 11 i3 

w i t h  t h e  d e s l n n  va lue  61L = 0.6 mm. 

I n c r e a s e  of  t h e  d e f l e c t o r  h o l e  s i z e  i n  c o m p a r i s o n w i t h t h e  design 
va luewou ldhave  s t i l l  g r e a t e r  i n f l u e n c e  on t h e  b ladc  tempera ture  I n  
t h e  l e a d i n g  edge r eg ion .  For ei. ;iple, w i t h  i n c r e a s e  of  t h e  wid th  



of these h o l e s  by only 0.2 mm, their  area would i n c r e a s e  by 251 ,  
and t h e  h o l e  h y d r a u l i c  diameter d, I would i n c r e a s e  by approximate ly  

the same percentage ,  while t he  group ~ c o o l R e g  I 21 $e would dec rease  

from 4.22 t o  3.34. 

the i n d i c a t e d  l i m i t s  has p r a c t i c a l l y  no i n f l u e n c e  on the  c o o l i n g  a i r  

flowrate change. Oo306 = 0.475, ob ta ined  from 

Kere, we have cons idered  t h a t  I n c r e a s e  of 6I i n  

The va lue  of  8 (T /T 
I g a  - Figure  6.11, i n  t h i s  case  corresponds t o  = 0 . 3 7 9  and Tb I - 

1233 K, L.e., t h e  l e a d i n g  edge w i l l  have a tempera ture  30' higher. 

We see from these examples the s e v e r i t y  o f  t h e  requi rements  
which must be imposed on cooled blade f a b r i c a t i o n  accuracy ,  
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CHAPTER VI1 

DEGREE OF LOADING OF TURBINE STAGE WITH COOLED BLADES 

7.1. Cooled Blade Temperature as Funct ion  o f  
Stage Loading C o e f f i c i e n t  

To de termine  t h e  t empera tu re  o f  t h e  gas f lowing  o v e r  t h e  t u r -  
b i n e  r o t o r  blade as a f u n c t i o n  a f  t h e  magnitude of t h e  l o a d i n g  co- 
e f f i c i e n t ,  c h a r a c t e r i z i n g  t h e  t u r b i n e  s t a g e  l o a d i n g ,  w e  u se  (3 .11) ,  
w r i t i n g  it i n  t h e  form: 

cr",pc --L( & L+ U.+l 1). 
2-R . &-l 

hence the d i f f e r e n c e  between the  t o t a l  gas  tempera ture  ahead of t h e  

s t a t o r  and the  t o t a l  gas temperature i n  t h e  r e l a t i v e  flow approach- 
i n g  t h e  r o t o r  b l ade  w i l l  be 

(7.1) 

We see from these e x p r e s s i o n s  t h a t  t h e  l a r g e r  vi, t he  l a r g e r  

ATw and the  lower the tempera ture  o f  t h e  gas apprcaching  t h e  r o t o r  

b lade  f o r  a f i x e d  va lue  t?f TE. 
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We can i n c r e a s e  t h e  t u r b i n e  stage l o a d i n g  e i t h e r  by r educ ing  
t h e  c i r c u m f e r e n t i a l  v e l o c i t y ,  i .e.,  f o r  example, w e  can  f o r  f ixed  
r o t o r  r o t a t i o n 2 1  speed,  f r e q u e n t l y  determined by t h e  compressor ,  
reduce  the turbir‘e  diameter, o r ,  f o r  f i x e d  c i r c u m f e r e n t i a l  v e l o c i t y ,  
w e  can i n c r e a s e  t h e  work e x t r a c t e d  p e r  k i logram o f  gas f lowing  
through the  t u r b i n e .  

2 I n  both  c a s e s ,  t h e  load  c o e f f i c i e n t  pi f LT/u w i l l  i n c r e a s e .  

Obviously,  i f  the l o a d  c o e f f i c i e n t  i s  i n c r e a s e d  by r educ ing  t h e  c i r -  
c u m f e r e n t i a l  v e l o c i t y ,  t h e  t empera tu re  of t he  gas approaching  t h e  
blades w i l l  nDt decreaPe, b u t  w i l l  i n s r e a s e  because o f  t h e  fact  t h a t  
ATw w i l l  d e c r e a s e .  Therefore, there i s  no need t o  examine t h i s  c a s e ,  

s i n c e  i t  is  not  encountercd  i n  p r a c t i c e .  

I n c r e a s e  o f  t h e  load  c o e f f i c i e n t  foAD f i x e d  v a l u e  of  t h e  circum- /174 
f e r e n t i a l  v e l o c i t y  w i l l  always lead t o  i n c r e a s e  o f  ATw, and t h e r e f o r e  
r e d u c t i o n  o f  T:. 

F igu re  7 .1  shows t h e  v a r i a t i o n  o f  (ATw)i = (ATw)l/(ATw)lo w i t h  

i n c r e a s e  of t h e  load c o e f f i c i e n t  from pi0 = 2.0,  which cor responds  

t o  

e q u a l  t o  u n i t y ,  i .e . ,  we Tssurne that w i t h  i n c r e a s e  of  t he  l o a d  coef -  
f i c i e n t ,  t h e  magnitude of  the r e a c t i o n  a t  t h e  i n n e r  diameter of t h e  
cons ide red  stage remains unchangedana s l o s e  t o  ze ro .  

va lue  d i f f e r i n g  from one ( K o < l ) ,  t h e  r e l a t i v e  tempera ture  change 
(ATw)i w i l l  be smaller than  showr. i n  F i g u r e  7.1, and i f  n e c e s s q ,  it 

can  b e  cons ide red .  

t o  pi = 2.6. Here, t h e  c o e f f i c i e n t  Ko=clo/cBo i s  t a k e n  

If Ka has a 

We see from Figure  7 .1  t h a t  w i t h  i n c r e a s e  o f  t h e  t u r b i n e  s t a g e  
l o a d i n g  by 209, i . e . ,  f o r  p i  = 2.4 ,  t h e  r e l a t i v e  t empera tu re  reduc- 

t i o n  i s  13%;. If  we take,  f o r  example, u i =  400 m/s, t h e  t empera tu re  

r e d u c t i o n  o f  t h e  gas approaching t h e  r o t o r  blades w i l l  b e  27O, w h i l e  
f o r  u i  = 300 ids ,  t h e  r e d u c t i o n  w i l l  b e  on ly  15’ (F igu re  7 . 2 ) .  If 
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Figure  7.1. R e l a t i v e  d i f f e r e n c e s  F igu re  7.2. Temperature d i f -  
between gas t empera tu res  ahead o f  
t u r b i n e  and on r o t o r  blade as a 

f u n c t i o n  of t he  load  c o e f f i c i e n t  

f e r e n c e  ATw as f u n c t i o n  of 
l o a d  c o e f f i c i e n t  

the blade were uncooled, t h e n  w i t h  accuracy  t o  constancy of t h e  re- 
covery c o e f f i c i e n t  i t s  tempera ture  would decrease by the same amount. 

As is  well  known, t h e  cooled  blade temperatil-e v a r i a t i o n  does 
no t  fo l low d i r e c t l y  t he  t empera tu re  v a r i a t i o n  of  t h e  gas f lowing  
over  t h e  b l ade ,  b u t  rather depends on the  r a t i o  of t h e  gas and a i r  
t empera tu res  and on the  c o o l i n g  i n t e n s i t y .  

For  a g iven  t u r b i n e  o p e r a t i n g  regime, c h a r a c t e r i z e d  i n  t h e  pre-  
a m  o f  t h e  c o o l i n g  a i r  s e n t  c a s e  by t h e  temperatures o f  t he  gas  T i ,  

T*, t h i s  r e l a t i o n s h i p  i s  d e f i n e d  by t h e  r a t i o  9 = (Tz  - Tt)/(T: - T:), 
which w i t h  account  f o r  ( 7 . 1 )  can  be  t ransformed t o  

i 

Tb'( 1 - 0) (c- AT,)+ T* 
where TO* - s t a t o r  i n l e t  gas  tempera ture .  

We see from ( 7 . 2 )  t ha t  t h e  smaller t h e  cool ing i n t e n s i t y  0,  t h e  
more t h e  blade t empera tu re  Tb dec reases  f o r  f i x e d  Ts and Tff w i t h  

i n c r e a s e  o f  t he  t u r b i n e  degree  of load ing ,  i . e . ,  w i t h  i n c r e a s e  o f  
ATw. However, t h e  a b s o l u t e  blade tempera ture  w i l l  i n c r e a s e .  

i 
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For  example, f o r  Tt = 1490 K ,  TT = 810 K ,  ui = 400 m / s ,  pi0 

2.0 and 0 = 0.5, the  blade t empera tu re  w i i l  b e  1046 K .  With i n -  
crease o f  t h e  l o a d i n g  c o e f f i c i e n t  vi  by 20%, AT,Increases by 13% 

(see F igure  7.l), and the blade tempera ture  w i l l  be  Tb = 1033 K ,  

i .e . ,  i t  d e c r e a s e s  by l 3 O .  If, w i t h  a l l  o t h e r  c o n d i t i o n s  remain- 
i n g  the  same, the c o o l i n g  i n t e n s i t y  were 0 = 0.4,  when Tb = 1093 K ,  

t h e n  i n c r e a s e  o f  the  s t a g e  l o a d i n g  by t h e  same 20% would lead t o  
blade t empera tu re  r e d u c t i o n  from 1093 t o  1077 K ,  i .e . ,  by 16O. We 
see t h a t  !.n t h i s  c a s e  t he  a b s o l u t e  blade t empera tu re  i n c r e a s e d  by 
% 450. 

I n  t h i s  example, w e  assumed t h a t  w i t h  i n c r e a s e  o f  t h e  l o a d i n g  
c o e f f i c i e n t ,  t h e  c o o l i n g  i n t e n s i t y  remains f i x e d  and e q u a l  t o  i t s  
v a l u e  f o r  vi0 = 2.0.  

t u r b i n e  stage w i t h  cooled  blades i s  accompanied by i n c r e a s e  o f  t he  
coc; l ing i n t e n s i t y  9.  This  is exp la ined  p r i m a r i l y  by t h e  f a c t  t h a t  
w i t h  i n c r e a s e  o f  t he  load ing ,  the  gas expansion r a t i o  wst i n  t h e  

stage i n c r e a s e s ,  and consequent ly  t he  p r e s s u r e  r a t i o  ."cool I n  t h e  

c o o l i n g  system i n c r e a s e s .  The re fo re ,  f o r  f i x e d  form and dimension 
of t h e  channels  through which t h e  c o o l i n g  a i r  f lows ,  I ts  v e l o c i t y  
i n c r e a s e s .  The a i r  f l o w r a t e  i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  v e l o c i t y  
i n c r e a s e ,  s i n c e  t he  h y d r a u l i c  r e s i s t a n c e  o f  t he  c o o l i n g  channels  
remains p r a c t i c a l l y  unchanged (see s e c t i o n  6 .4 ) .  

I n  r e a l i t y ,  i n c r e a s e  o f  t h e  l o a d i n g  on t h e  

The r e l a t i v e  expans ion  r a t i o  E s t  = nst/wstc3 is shown i n  F i g u r e  

7.3 as a f u n c t i o n  of  t u r b i n e  s t a g e  load ing .  I n  c o n s t r u c t i n g  t h i s  

f i g u r e ,  we cons ide red  t h e  v a r i a t i o n  o f  t h e  s t a g e  e f f i c i e n c y  wi th  

i n c r e a s e  of  pi, i n  accordance  w i t h  Figd.re 2.3.  

The dependence o f  tne c o o l i n g  i n t e n s i t y  o f  t h e  v a r i o u s  blade 
segments a long  the p r o f i l e  con tour  o f  t h e  b l a d e  w i t h  i n t e r n a l  de- 

f l e c t o r  on t h e  r e l a t i v e  c o o l i n g  a i r  f h w r a t e  i s  c h a r a c t e r l z e d  by 

t h e  cu rves  shown i n  F i g u r e s  6 .10,  6 .11 ,  and 6.12. If we use  these 
cu rves ,  t h e  dependence of t h e  r e l a t i v e  gas expansion r a t i o  In t h e  
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F i g u r e  7.4. Blade p r o f i l e  middle 
segment c o o l i n g  i n t e n s i t y  as func- 

t i o n  o f  l o a d i n g  c o e f f i c i e n t  

stage zst on t h e  magnitude o f  t h e  

l o a d i n g  c o e f f i c i e n t  vi ,  and t h e  f low 

c h a r a c t e r i s t i c  of t h e  cons ide red  
blade Ei = f(ncool ) (see F i g u r e  

F igu re  7.3. R e l a t i v e  gas  
expansion r a t i o  i n  t u r -  
b i n e  s t a g e  as f u n c t i o n  o f  

l o a d i n g  c o e f f i c i e n t  

we can  
f3 11 O S 2 '  and R e  6.171, t h e n  wi th  accuracy  t o  constancy of R e  

o b t a i n  the dependence o f  the c o o l i n g  i n t e n s i t y  8 on t h e  magnitude 
o f  the  l o a d i n g  c o e f f i c i e n t .  

g I  

T h i s  dependence f o r  t h e  middle blade segment a l o n g  t h e  p r o f i l e  
con tour  (concave and convex part)  i s  shown i n  F igu re  7.4.  

Consequently,  i n  o r d e r  t o  de te rmine  t h e  d e g e e  t o  which w e  can 
reduce t h e  cooled  blade t empera tu re  by i n c r e a s i n g  the  t u r b i n e  stage 
degree of  l oad ing ,  we must s u b s t i t u t e  i n t o  (7 .2 )  the v a l u e  o f  8 

corresponding  t o  t h e  change DTw = f(vi). 

We sha l l  show t h i s  by a n  example. 

Assuming tha t  i n  t he  engine  o p e r a t i n g  reg3rr.e which de termines  
t n e  minimal a l lowab le  cooled  b lade  s t r e n g t h  margirl, t h e  t u r b i n e  
i n l e t  gas tempera ture  C = 1 5 S O K ,  t h e  b lade  c o o l i n g  a i r  temperature 
q=810K.,  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  a t  t he  t u r b i n e  r o t o r  i n n e r  
diameter (a t  t h e  blade r o o t  s e c t i o n )  ui = 400 m / s ,  and t h e  l o a d i n g  

C o e f f i c i e n t  pi = 2 . 0 .  

I n  accordance w i t h  (7.l), t h e  d i f f e r e n c e  between t h e  tempera- 
tures o f  t h e  gas flow ahead of t h e  t u r b i n e  s t a t o r  T8 and t h e  gas 

a 
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flow approaching the rotor blades (":Ii for Ka = 1.0 (I=%, the 

maximal temperature difference)" 

and 

From Figure 7.4 for pi = ~ , u e l l ( ~ ) ~ 6 0 0 4 1  ; hence, 

Then, in accordance with (7.2), the blade temperature will be Tb = 
( I-OPl) (1560-210) +0$71-8IO11144~ . 

If we make such calculations for different values of vi, we can 

determine the cooled blade temperature variation as a function of vi, 
represented graphically in Figure 7.5 (in the present case, for the 
middle segment of the blade 
profile). We see from this 
figure that with increase of 

by 20% (from pi0 = 2.0 to 

= 2.4), the blade tempera- 
pi 

%. 
ture decreases, not by 13 o r  
1 6 O  as in the preceding 

Figure 7.5.  Cooled blade tem- 
pepature as function of loading 

coefficient 

example, but rather by 3 4 O .  

This rotor blade tempera- 
ture reduction would make it 
possible to increase the turbine inlet gas temperature if this is 
permitted by stator vane strength. This increase o f  the gas tempera- 
ture can be determined using Figures 7.2 and 7.4 and Equation (7.2),  

4 i  
The notations are the same as in Chapter VI: T: = T Tf = Ti. 

f3' 
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reducing  the  l a t te r  t o  the form: 

Then, f o r  vi = %4 Afw=135 and O,,-o,m, 

Consequently,  s i n c e  the s p e c i f i e d  s t r e n g t h  margin for blade mate- 
r i a l  terT,perature equa l  t o  1143 Y. !s ensu red ,  t he  t u r b i n e  i n l e t  gas  
temperature can  be i n c r e a s e d  by AT=16104553=lUP . 

If t h i s  gas  t empera tu re  i n c r e a s e  cannot  b e  u s e d  because of s2a- 
t o r  blade s t r e n g t h  c o n s i d e r a t i o n s ,  o r  i f  t h i s  i n c r e a s e  i s  prevented  
by o t h e r  c i rcumstances  - such as, for exampJ.e, l a r g e  t empera tu re  
f i e l d  nonuniformity a t  the  e x i t  from the  combustion chamber, n e c e s s i t y  

- t h e n  r e d u c t i o n  of t h e  r o t o r  Slade tempera ture  by  i n c r e a s i n g  t h e  
t w b i n e  l o a d i n g  may make it p o s s i h l e  t o  reduce  t h e  t u r b i n e  weight 
while r e t a i n i n g  the  s p e c i f i e d  s t r e n g t h  margin.  

'' 78 f o r  i n t r o d u c i n g  c o o l i n g  of t h e  l as t  t u r b i n e  s t a g e  b l a d e s ,  and s o  on 7 

H:dever, b e f o r e  u t i l i z i n g  t h i s  p o s s i b i i i t y ,  w e  m u s t  examine the  

degree  t o  which t h e  stresses in'the blade i n c r e a s e  because of the  i n -  
creasb. of  t he  a n n u l a r  area F2 swept by the  r o t o r  b l a d e s ,  caused by 

t h e  n e c e s s i t y  f o r  r e t a i n i n g  t h e  a l l a w a b l e  va lue  of t h e  d imens ion le s s  
v e l o c i t y  h2c or Mack number M2c a t  che t u r b i n e  ex i t - .  

7.2. V a r i a t i o n  o f  Cooled Blade Strei.,:th Margin - 
w i t h  I n c r e a s e  of Stage Loading 

Using (3 .2 )  h i t h  account  f o r  ( 2 . 2 5 )  and t h e  r e l a t i o n  Q$ = f ( v i )  

i n  accordance wi th  F i g u r e  2.3 f o r  M Z c  = 0 .5 ,  we can determine t h e  

r e l a t i v e  area change F2 = F2/P2 

i n g .  T h i s  r e l a t i v e  a r e a  change i n  a p p l i c a t i o n  t o  t h e  considtL*ed 
example i s  shown g r a p h i c a l l y  i n  F igu re  7 . 6 ,  from which we see t h a t  
w i t h  i n c r e a s e  of  t h e  t u r b i n e  l o a d l n q  c o e f f i c i e f i t  by 20% from 

w i t h  i n c r e a s e  oi' t h e  t u r b i n e  load-  



i i 
I 

I 
I - .  1 

= 2.0 t o  pj = 2.4, while r e t a i n i n g  %o 
HZc unchanqed, the  t u r b i n e  e x i t  area F2 

Fus t  be i n c r e a s e d  by 1 4 % .  According t o  
(3.5), %he stresses from c e n t r i f u g a l  
f o r c e  a c t i o n  i n c r e a s e  t o  t he  same degree .  
For  unchanged r z t i o  o f  the r e s i d u a l  un- 
compensated bending stresses t o  the  
t e n s i l e  stresses abend/at, determined 

I , . -._.. 

by h e  r a t i o  Gmax/Go (see F igure  3.41, 
the o v e r a l l  stress,-:s also i n c r e a s e  i n  v a r i a t i o n  o f  a n n u l a r  

d i r ec t  p ropor t ion  t o  t he  t u r b i n e  r o t o r  

F igu re  7.5.. R e l a t i v e  

area swept by  r o t o r  

blade e x i t  area i n c r e a s e  F2. 
fol lows from (3.7), i n  accordance wi th  which: 

T h i s  

‘Jc = ‘,(I+m), 

bend”t where m = 0 

I n  t u r n ,  

(€5) ( c )  
‘bend = ‘bend = “bend’ 

(7.3? 

(7 .4)  

g 
Here, ‘bend (‘) - bending stresses caused by t h e  bending moments M 

from the  gasdynamic f o r c e s ;  
(‘) 

‘bend 

‘bend 

- bending stresses caused by t he  moments Mc from t h e  

- r e s i d u a l  uncompensated bending stresses caused by t h e  

c e n t r i f u g a l  f o r c e s ;  

gasdynamic and c e n t r i f u g a l  f o r c e s  M - Mc.  
Q 

S u b s t i t u t i n g  ( 7 . 4 )  i c t o  ( 7 . 3 )  and t r ans fo rming ,  WE: q b t a i n  

( g )  

a t  
m = ‘bend -- (1 - K), ( 7 . 5 )  

t’ 

where K = abend ( c )  ,‘(Ed bend. 

E 1 4  
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Consequently,  by i n t r o d u c i n g  compensation, we can  s e l e c t  t h a t  
va lue  o f  K f o r  which t h e  c o e f f i c i e n t  m w i l l  remain c o n s t a n t  w i t h  

change o f  the q u a n t i t i e s  abend ( g )  and a t ,  a s s o c i a t e d  w i t h  v a r i a t i o n  of 

p and LT. 

I n  most cooled  blades, t h e  r e l a t i v e  l e n g t h  i s  small (first 
t u r b i n e  stage) and the  r e l a t i v e  t h i c k n e s s  is  l a r g e ,  and t h u s  t h e  

bending r e s i s t a n c e  moment is comparat ively large, so t h a t  t h e  con- 
c r i b u t i o n  o f  the unconpensated r e s i d u a l  bending stresses t o  t h e  
o v e r a l l  stresses is small. The re fo re ,  constancy o f  t h e  c o e f f i c i e n t  
m w i l l  cor respond i n  p r a c t i c e  t o  t h e  most f a v o r a b l e  compensation con- 
d i t i o n s ,  f o r  which t h e  s t r e n g t h  margin w i l l  no t  be less t h a n  t h e  

a l lowab le  va lue  i n  t h e  o f f -des ign  engine  o p e r a t i n g  regimes.  

If  t h e  bending stresses abend (g) are r e l a t i v e l y  high, t h e n  under 

t h e  c o n d i t i o n  m = c o n s t ,  t h e  a b s o l u t e  uncompensated bending stresses 
may i n c r e a s e  i n  t h e  o t h e r  eng ine  o p e r a t i n g  regimes t o  such a large 
magnitude tha t  the o v e r a l l  stresses exceed the a l lowab le  v a l u e s .  I n  
these cases ,  t h e  v a r i a t i o n  o f  t h e  a l lowab le  r e s i d u a l  uncompensated 
bending stresses must be determined. by detai led c a l c u l a t i o n s ,  which 
are u s u a l l y  made d u r i n g  p r o d u c t i o n  des ign .  

As shDwn above, r e d u c t i o n  of t h e  blade tempeTature from 1 1 4 4  t o  
1110 K by i n c r e a s i n g  the t u r b i n e  degree o f  l o a d i n g  leads t o  i n c r e a s e  
of  the stresses i n  t h e  b l d e  by 1 4 % .  

For a b lade  made from t h e  ZhS6-K a l l o y ,  f o r  example, w e  see 
from F igure  3.5 t h a t  such  r e d u c t i o n  o f  i ts  tempera ture  i n c r e a s e s  t h e  

u l t i m a t e  stresses f o r  an engine  o p e r a t i n g  t ime i n  the cons ide red  
regime o f  100  hours  from 37 l o 4  t o  4 3  l o 4  kN/m2,  i .e . ,  by  1 6 % .  
Consequently,  i n  o u r  example,  t h e  magnitude o f  t h e  s t r e n g t h  margin 
i n  t h e  blade remains p r a c t i c a l l y  unchanged. 

The lower t h e  ho t  s t r e n g t h  of t h e  material, t h e  more s e n s i t i v e  /180 
it is  t o  temperature v a r i a t i o n .  If t h e  blade were f a b r i c a t e d  from 
a less  t e m p e r a t u r e - r e s i s t a n t  a l l o y  - E1929, f a r  example - and had 

-------- -- 



I 

the r equ i r ed  s t r e n g t h  margin i n  t h e  considered temperature  range, 
then  f o r  condi t ions  such as those  i n  t h e  considered example, i t s  
u l t i m t e  stresses would inc rease  fram 24.5 - 104 t o  32 l o 4  N/m2, 
i . e . , ' by  30%. T h i s  could b e  used either t o  reduce the  t u r b i n e  
weight o r  t o  inc rease  the t u r b i n e  i n l e t  gas t2rnperature. 

I n  t h i s  connect ion w e  no te  that  t h e  more heat r e s i s t a n t  the  
material from which the cooled blade is  fabricated, the  larger t h e  
effect  from inc reas ing  i t s  cool ing  i n t e n s i t y .  T h i s  is c l e a r l y  shown 
by F igure  7.7, where t h e  abscissa a x i s  is t h e  magnitude o f  the tern- 
p e r a t u r e  inc rease ,  c h a r a c t e r i z i n g  t h e  blade material s t r e n g t h  In- 
c rease ,  l .e. ,  t h e  a l lowable  blade temperature inc rease  and the  ord i -  
nate a x i s  is  t h e  magnitude o f  the corresponding t u r b i n e  i n l e t  gas 
temperature inc rease .  

If  the blade fs uncooled (e-o), i t s  f a b r i c a t i o n  from a material 
al lowing i n c r e a s e  o f  t h e  temperature  by 50° ,  f o r  example, would mzke 
it poss ib l e  t o  inc rease  t h e  t u r b i n e  i n l e t  gas temperature  by t h e  same 
amount. However, i f  w e  make t h e  cooled blade from t h i s  same material, 
then  t h e  h ighe r  i t s  cool ing  i n t e n s i t y ,  the l a r g e r  t h e  magnitude by 

which we can inc rease  the gas tempera- 
t u r e .  Thus, for e=O,S, i n c r e a s e  02 t h e  

a l lowable  blade temperature  by the 
same SO0 makes i t  p o s s i b l e  t o  inc rease  
the t u r b i n e  i n l e t  gas temperature ( f o r  
AT,-idem) by looo, i . e . ,  twice as much. 
Consequently, t h e  more heat r e s i s t a n t  
the material, t h e  more favorable  is 
the u t i l i z a t i o n  of cooled blades d i t h  

high cool ing  i n t e n s i t y .  

L e t  us i nc rease ,  i n  r;he above 
example, t h e  degree o f  t u r b i n e  loading  
t o  30%, and determine by analogy w i t h  

the preceding a n a l y s i s  t h e  a s soc ia t ed  l e t  gas temperpture in-  
Figure 7 . 7 .  Turbine in-  

b lade  temperature reduct ion  and blade c rease  as func t ion  of  
a l lowable cooled b l ade  

stress inc rease .  As a r e s u l t  o f  temperature  i n c r e a s e  

21 6 
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c a l c u l a t i o n  made by analogy wi th  t h e  p reced ing  a r l a l y s i s ,  w e  f i n d  
that the blade stresses i n c r e a s e  by 24X, and t h e  altlmate stres-er; 
i n c r e a s e  by t h e  same amount. Consequently,  the s t r e n g t h  margir. 
remains unchanged, b u t  t h e  t u r b i n e  e f f i c t e n c y  d e t e r i o r a t e s .  

I n c r e a s e  o f  t h e  degree o f  1Gading of a t u r b i n e  i n  which t h e  
c i r c u m f e r e n t i a l  v e l o c i t y  a t  t h e  inner diameter is  less t h a n  400 d s ,  

s a y  300 m / s ,  w i l l  have a d i f f e r e n t  effect  on t h e  s t r e n g t h  margin 
v a r i a t i o n  i n  o u r  example. We change t h e  t u r b i n e  i n l e t  gas tempera- 
t u r e  TE and the c o o l i n g  a i r  t empera tu re  s imul t aneous iy ,  such that .  

t h e  b lade  t empera tu re  f o r  vi0 = 2.0, j u s t  as i n  the p reced ing  example, 

w i l l  be e q u a l  t o  1 1 4 4  K .  

If w e  i n c r e a s e  t h e  l o a d i n g  c o e f f i c i e n t  i n  such  a s t a g e  by 2016, 

t h i s  w i l l  lead t o  r e d u c t i o n  o f  t h e  b l a d e  temperature by on ly  20° 

and r e d u c t i o n  o f  t h e  s t r e n g t h  margiri by 4 % .  I n  o r d e r  t o  ma in ta in  
t h e  s t r e n g t h  margin, w e  must e i ther  i n c r e a s e  t h e  b l a d e  width,  which 
leads t o  i n c r e a s e d  t u r b i n e  weight ,  o r  reduce t h s  gas tempera ture .  

I n  a l l  t h e s e  examples, we have examined t h e  lower s e c t i o n  o f  
the blade,  under t h e  assumption t h a t  t h i s  s e c t i o n  has the  minimal 
s t r e n g t h  margin. We use  t h i s  approach t o  e v a l u a t i o n  of t h e  i n f l u e n c e  
of t h e  degree o f  l o a d i n g  o f  t h e  t u r b i n e  stage w i t h  cooled  blades on 
blade tempera ture ,  r e g a r d l o s s  o f  what s e c t i o n  a l o n g  the  b l a d e  l e n g t h  
has the  minimal s t r e n g t h  margin.  The magnitudes o f  the  d e f i n i n g  
parameters must t)? t a k e n  f a r  t h L  r e s p e c t i v e  s e c t i o n  be ing  examined. 

The cooled blade tempera ture  can b e  reduced w i t h  p r a c t i c a l l y  
unchanged t u r b i n e  e f f i c i e n c y  by i n c r e a s i n g  t h e  work LT removed p e r  

ki logram o f  gas  f lowing  through t h e  t u r b i n e  i f  t h e  degree of l o a d i n g  
remains unchanged. T h i s  means t h a t  t h e  squa re  of t h e  c i r c u m f e r e n t i a l  
v e l o c i t y  w i l l  i n c r e a s e  i n  p n p c r t i o n  t o  t he  i n c r e a s e  of LT, and ATw 

w i l l  i n c r e a s e  t o  t h e  same degree ,  i n  accordance wi th  ( 7 . 1 ) .  



The r o t o r  blade c i r c u m f e r e n t i a l  v e l o c i t y  can  b e  i n c r e a s e d  i n  two 
ways - by i n c r e a s i n g  the r o t o r  diameter w i t h  f i x e d  r o t a t ' o n a l  speed  
o r  by i n c r e a s i n g  the  r o t a t i o n a l  speed w i t h  f i x e d  diameter. 

Theoretical a n a l y s i s ,  i n  a p p l i c a t i o n  t o  the first s t a g e  cf a 
t u r b i n e  wi th  coo led  blades o f  a conven t iona l  two-shaft  engine ,  srrdwed 

tha t  i f  w e  i n c r e a s e  the t u r b i n e  diameter h i t h  c o n s t a n t  r o t a t i o n a l  
speed and, i n  o r d e r  t o  ics in+ain  t h e  same *urb ine  e f f i c i e n c y ,  we no t  
on ly  r e t a i n  the l o a d i n g  c o e f f i c i e n t  p unchanged, b u t  a l so  l e a v e  MZc 

c o n s t a n t  and t h e  r e l a t i v e  cascade  p i t c h  t,': a t  t h e  mean diameter con- 
s t a n t ,  t h e n  i n c r e a s e  o f  LT above a d e f i n i t e  magnitude while  r e t a i n i n g  
the same s t r e n g t h  margins i n  t h e  r o t o r  blade and l i s k  leads t o  in-  
crease o f  the t u r b i n e  weight. Here we have assumed t h a t  the  r o t o r  
blade width  also remains c o n s t a n t ,  i.e., t h e  blade dimensions ( o t h e r  
t h a n  l e n g t h )  and t h e  dimensions of t h e  i n t e r n a l  channels  th rough 
which the  c o o l i n g  a i r  f lows remain unchanged. Consequently,  the  
number o f  blades i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  diameter i n c r e a s e .  

The r e s u l t s  o f  these c a l c u l a t i o n s  
are shown graphical ly  i n  F igu re  7.8, from 
which w e  see t h a t  i n c r e a s e  of by 20% 
leads t o  i n c r e a s e  o f  t h e  o v e r a l l  t u r b i n e  
weight B) by 25%. T h i s  takes place bas i c -  
a l l y  because o f  i n c r e a s e  o f t h e  d i s k  

weight. 

I n c r e a s e  o f  t h e  c i r c u m f e r e n t i a l  
v e l o c i t y  by i n c r e a s i n g  the  r c t o r  r o t a -  
t i o n a l  speed w i t h  c o n s t a n t  t u r b i n e  diame-er 
leads t o  s t i l l  g r e a t e r  (by  a f a c t o r  o f  two) 

, i n c r e a s e  o f  t h e  t u r b i n e  weight .  S ince  i n  
t h i s  ca se  the stress i n c r e a s e  i n  t h e  b l ade  

[see ( 3 . 5 ) ]  exceeds t h e  a l lowab le  stress 
i n c r e a s e  a s s o c i a t e d  wi th  r e d u c t i o n  of t h e  
b l ade  tempera ture ,  i n  o r d e r  t o  r e t a in  t h e  
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F i g u r e  7.8. Weight o f  
t u r b i n e  w i t h  cooled 
b l a d e s  as f u n c t i o n  o f  

i n c r e a s e  of work LT 
T r a n s l a t o r ' s  n o t e .  
Ord ina te  of f i g u r e  
should  be  Gothic  G 
t o  agree w i t h  t e x t .  
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same s t r e n g t h  margin i n  the blade, we must a l s o  reduce  t h e  s t a t o r  
i n l e t  gas tempera ture .  

We see from t h i s  a n a l y s i s  that t h e  r a t i o n a l  magnitude of t h e  
degree o f  l o a d i n g  of  the  t u r b i n e  stage w i t h  coo led  blades is  deter- 
mined by the  c o o l i n g  i n t e n s i t y ,  h o t  s t r e n g t h  o f  the  blade material, 
a l lowab le  blade temperature, c o n t r i b u t i o n  o f  t h e  r e s i d u a l  uncompen- 
sated bending stresses t o  the o v e r a l  stresses i n  t h e  blade, h y d r a u l i c  
r e s i s t a n c e  o f  t h e  c o o l i n g  s y s t e m  channe l s ,  blade c i r c u m f e r e n t i a l  
v e l o c i t y ,  a l lowab le  d imens ionless  gas v e l o c i t y  a t  the  t u r b i n e  e x i t ,  
e f f i c i e n c y  v a r i a t i o n  as a f u n c t i o n  of t h e  l o a d i n g  c o e f f i c i e n t ,  number 
o f  stages, work d i s t r i b u t i o n  among t h e  stages, number o f  s t a g e s  w i t h  

cooled  blades, and t h e  engine  t y p e  and miss ion .  

If only  t h e  f i r s t  s t a g e  o f  a fou r - s t age  t u r b i n e  has cooled  
blades, the d e t e r i o r a t i o n  of i t s  e f f i c i e n c y ,  a s s o c i a t e d  w i t h  i n -  
c r e a s e d  degree o f  l o a d i n g  and, consequent ly ,  w i t h  i n c r e a s e d  r e l a t i v e  
c o o l i n g  a i r  f l o w r a t e ,  may not  have any marked i n f l u e n c e  on t h e  e f f i -  

c iency  o f  t he  e n t i r e  t u r b i n e .  O r  for a n  a f t e r b u r n i n g  j e t  engine  
o p e r a t i n g  p r i m a r i l y  i n  t he  a f t e r b u r n i n g  regimes, t h e  t u r b i n e  e f f i -  
c iency  d e t e r i o r a t i o n  r e s u l t i n g  from i n c r e a s e d  l o a d i n g  o f  t h e  stage 
wi th  cooled  blades may not, have i n  p r a c t i c e  any marked i n f l u e n c e  on 
the engine  a l t i t u d e - s p e e d  c h a r a c t e r i s t i c s .  

Consequently,  t h e  degree  Qf l o a d i n g  of  t h e  t u r b i n e  w i t h  cooled  
blades must be determined i n  each s p e c i f i c  c a s e  w i t h  account  f o r  a l l  
t h e  above-mentioned f a c t o r s .  

r 
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CHAFTER VI11 

GASDYNAMIC CALCULATION OF MULTISTAGE TURBINE ) 

I _ _  ..- 

We sha l l  examine t h e  b a s i c  f e a t u r e s  and sequence of gasdynamic 
c a l c u l a t i o n  o f  m u l t i s t a g e  t u r b i n e s .  

8.1. Bas ic  ? e a t u r e s  and Sequence o f  M u l t i s t a g e  
Gas Turbine  C a l c u l a t i o n  

The i n i t i a l  data f o r  t h e  c a l c u l a t i o n  are: 

- gas f l o w r a t e  G kg /s ;  

s t a t o r  i n l e t  gas  t o t a l  parameters  p t  and TE; 

t u r b i n e  r o t a t i o n a l  speed n,  rpm; 
r e q u i r e d  t u r b i n e  work LT o r  power NT. 

Turbine des ign  i n c l u d e s  s e l e c t i o n  o f  t h e  f low p a t h  scheme, 
number o f  stages and d i s t r i h u t i q n  o f  t h e  work among them, s e l e c t i o n  
of  t h e  b a s i c  s t a g e  d e s i p  parameters ,  de t e rmina t ion  o f  t h e  s t a t o r  
and r o t o r  dimensions of  a l l  t h e  stages, and de te rmina t ion  o f  t h e  
t u r b i n e  e x i t  gas  parameters .  I n  se1ec t i : i g  t h e  b a s i c  tu rb in- ,  and 
s t a g e  d e s i g n  parameters ,  t h e  o b j e c t i v e  is t o  o b t a i n  t h e  z p e c i f i e d  
power w i t h  minimal l o s s e s ,  n in ima l  weight ,  and minim?il o v t r a l l  t u r -  
b i n e  dimensions,  and a l so  t o  match t h e  t u r b i n ?  and c a n p r e s s o r  
parameters .  

g' 
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I n  c a l c u l a t i n g  t h e  i n d i v i d u a l  stages, we must c o n s i d e r  tl-s f o l -  
lowing c h a r a c t e r i s t i c s  o f  m u l t i s t a g e  t u r b i n e s .  

1. T o t a l  flow parsmeters  based on t h e  a b s o l u t e  ?a:; velot:!ty a t  
t h e  e x i t  from t h e  p reced ing  stage are t h e  i n i t i a l  t o t a l  flow para-  
meters fo r  t h e  c a l c u l a t i o n  o f  t h e  next  s t a g e .  

2.  Because of  heat l o s s  r ecove ry ,  the  e f f i c i e n c y  o f  t h e  e n t i r e  
m u l t i s t a g e  t u r b i n e  i s  higher t h a n  tha t  o f  each i n d i v i d u a l  s t a g e .  
T h i s  i s  p h y s i c a l l y  exp la ined  by t h e  f a c t  tha t  t h e  heat released as a 
r e s u l t  of h y d r a u l i c  r e s i s t a n c e s  i n  t h e  p reced ing  s t a g e  i n c r e a s e s  t h e  

en tha lpy  and, consequent ly ,  t h e  h-r.lilable gas  expans ion  work i n  t h e  
fo l lowing  stages. 

The h e a t  l o s s  recovery  and co r re spond ing  i n c r e a s e  o f  t h e  m u l t i -  
s t a g e  t u r b i n e  e f f l c i e n c y  i n  comparison w i t h  t h e  stage e f f i c i e n c y  w i l l  
be  greater, t h e  higher  t h e  ga? expansion r a t i o  i n  t h e  t u r b i n e  and 
l a r g e r  t h c  number o f  stages. 

i t  is a d v i s a b l e  t o  i n c r e a s e  t h e  number o f  stages on ly  up t o  some 
l i m i t  above which the  e f f i c i e n c y  g a i n  w i l l  b e  very small. 

/184 

iowever ,  for a l l  va lues  of T$ and n!t, 

The connec t ion  between t h e  t u r b i n e  e f f i c i e n c y  and t h e  mear. s t a g e  
e f f i c i e n c y  can  b e  r e p r e s e n t e d  i n  t h e  form: 

where a - h e a t  l o s s  recovery  c o e f f i c i e n t .  

The q u a n t i t y  a can b e  determined from t h e  Ahiants  formula [l]: 

+- l  ). a¶=I-!t ' '2 --I-+... + 
a ( I + =  2+a t -  1 +a  

where z - number o f  t u r b i n e  s t a g e s ,  a- .*, * . For t h e  mean s t a g e  
p- 1 

e f f i c i e n c y  n!t = 0.9 and IT! = 4 - 1 6 ,  t h e  heat l o s s  recovery c o e f f l -  

c i e n t  l i e s  i n  t h e  range  0 . 0 1  - 0.025. 
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3 .  I n  t h e  m u l t i s t a g e  t u r b i n e ,  t h e  a x i a l  gas v e l o c i t y  component 
should  i n c r e a s e  from t h e  first stage t c  t h e  l a s t .  If t h i s  is no t  
done, t he  gas d e n s i t y  decrease a l o n g  t h e  t u r b i n e  flow p a t h  may lead 
t o  e x c e s s i v e  flow pa th  d ive rgence  i n  t h e  mer id iona l  s e c t i o n .  For 
large f low p a t h  d ive rgence  a n g l e s  (p>W), flow s e p a r a t i o n ,  i n c r e a s e  
o f  the l o s s e s ,  and r e d u c t i o n  o f  t u r b i n e  e f f i c i e n c y  may take p l a c e .  

If the  a x i a l  v e l o c i t y  i n c r e a s e s ,  t h e  a n g l e s  al and B 2  i n c r e a s e  

from s t a g e  t o  stage. 

16O - 2 5 O ,  while i n  t h e  l a s t  stages it may r each  30° - 35O o r  more 
(depending on the gas expansion r a t i o  i n  t h e  t u r b i n e ) .  

I n  t he  f irst  stage,  the  a n g l e  a1 i s  i n  t h e  range  

Usually t h e  f low Mach number rather t h a n  t h e  magnitude o f  t h e  
a x i a l  v e l o c i t y  i s  s p e c i f i e d  i n  t u r b i n e  des ign .  Here, w e  must keep 
i n  mind t h a t ,  because o f  t h e  gas t empera tu re  r e d u c t i o n  a long  t h e  
t u r b i n e  flow p a t h ,  t h e  flow Macn number i n c r e a s e s  from t h e  f irst  t o  
t h e  l a s t  stage more r a p i d l y  t h a n  t h e  a x i a l  v e l o c i t y  i n c r e a s e s .  I n  
t h e  first s t a g e ,  t h e  Mach number based on t h e  a x i a l  v e l o c i t y  com- 
ponent i s  i n  t h e  range  & , = ~ 2 5 - ~ ,  whi le  a t  the  e x i t  from the  las t  
stage Ma=OOS7Oe6, o r  more. The v a l u e  o f  i n  t he  i n t e r m e d i a t e  

, 

s t a g e s  i s  s e l e c t e d  so  as t o  o b t a i n  a smooth flow p a t h  form. 

3: 
If b lade  s t r e n g t h  and t u r b i n e  dimensions pe rmi t ,  i t  i s  desirable  

1 

i n  a l l  cases t o  reduce t h e  Mach number a t  t h e  t u r b i n e  e x i t  t o  
Ma=004S-Ofl, and f o r  lowly loaded  s t a g e s  - t c  M%=Q4-Oe6. 

4. The flow p a t h  form has s i g n i f i c a n t  i n f l u e n c e  on t h e  work 
d i s t r i b u t i o n  among t h e  t u r b j n e  s t a g e s .  For  example, i n  t h e  c a s e  o f  
i d e n t i c a l  l oad ing  c o e f f i c i e n t s  o f  a l l  t h e  s t a g e s  f o r  t h e  s i n g l e - s h a f t  / l e 4  
t u r b i n e ,  Lst = pd=constpJP. 

p ,  t h e  stage work w i l l  be  l a r g e r ,  t h e  l a r g e r  t h e  diameter. I n  t h i s  

c a s e ,  f o r  a c o n s t a n t  mean d h n e t e r  Dm = c o n s t ,  t h e  work may Le d i s -  

t r i b u t e d  uniformly among t h e  stages.  I n  t h e  i n c r e a s i n g  mean diameter 
c a s e ,  t h e  l as t  s t a g e s  may be loaded more t h a n  i n  t h e  c a s e  w i t h  

Dm = c o n s t .  

T h i s  i m p l i e s  t h a t  f o r  t h e  same v a l u e s  o f  
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For the  c a s e  Di = c o n s t  and p = c o n s t ,  t h e  work w i l l  d e c r e a s e  

from stage t o  s t a g e .  Cocsequent ly ,  f o r  s e l e c t e d  va lues  o f  t h e  load-  
i n g  c o e f f i c i e n t ,  In o r d e r  t o  I n c r e a s e t h e  work o f  t h e  t u r b i n e  stages 
and reduce  t h e  number o f  stages, it is a d v i s a b l e  t o  i n c r e a s e  t he  
t u r b i n e  o u t e r  diameter t o  t h e  magflftuie a l lowed by r o t o r  s t r e n g t h  
o r  t o  t h e  degree p e r m i t t e d  by the  o v e r a l l  diameter of  t h e  engine  
flow pa th .  

5. The degree o f  r e a c t i o n  of t h e  m u l t i s t a g e  t u r b i n e  stages in -  
creases a t  t he  mean diameter from t h e  f irst  stage t o  t h e  l a s t ,  j u s t  
as does t he  a x i a l  v e l o c i t y .  The magnitude of  t h e  r e a c t i o n  at t h e  mean 
r a d i u s  i s  determlned by t h e  minimal a l lowab le  r e a c t i o n  a t  t he  b l a d e  

r o o t  pi 2 0. 

the  mean r a d i u s  i n  the V?st stage, which has t h e  s h o r t e s t  blades, i s  
usually selec5ed i n  t h e  range  p, = 0 .2  - 0.3. 

On t h e  bas i s  o f  these c o n s i d e r a t i o n ,  t h e  r e a c t i o n  at  

The b l ades  o f  t n e  l a s t  stages have cons ide rab ly  greater r e l a t i v e  
l e n g t h  t h a n  t h o s e  of t h e  first stages. The re fo re ,  i n  o r d e r  t o  avo id  
n e g a t i v e  r e a c t i o n  a t  t h e  blade r o o t ,  t h e  r e a c t i o n  a t  t h e  mean r a d i u s  
i n  t h e  l a s t  stages is i n c r e a s e d  t o  pm = 0.35 - 0.5. 
of t h e  r e a c t i o n  i n  t he  first stages make i t  p o s s i b l e  t o  take f o r  
these stages l a r g e r  v a l u e s  o f  t h e  load ing  c o e f f i c i e n t s  f c r  moderate 
f low swirl a t  the  exrt .  

Smaller v a l u e s  

The c a l c u l a t i o n  of  t h e  m u l t i s t a g e  t u r b i n e  can be  c a r r i e d  o u t  
i n  t h e  fol lo:7ing sequence.  

1. We s e l e c t  t he  number of s t a g e s  and d i s t r i b u t e  t h e  work 
among t h e  stages (see s e c t i o n  3 . 1 ) .  

We take t h e  maximal  a l lowab le  load ing  c o e f f i c i e n t  a t  t h e  s t a g e  
i n n e r  r a d i u s  p i  = 2.0  - 2.2. 

2 .  We determine  t h e  t o t a l  t empera ture  and t o t a l  p r e s s u r e  a t  
t h e  t u r b i n e  e x i t :  , 



i 

-, I 1 

The t u r b i n e  e f f i c i e n c y  i s  s e l e c t e d  i n  the range  3 - L o 5 g 1 q .  

We can a l s o  s p e c i f y  t h e  stage e f f i c i e n c y  i n  t h e  range n i t  = 0 (39 - 
0.9, and de termine  t h e  t u r b i n e  e f f i c i e n c y  from ( 6 . 1 ) .  

3 .  We s p e c i f y  t h e  t u r b i n e  e x i t  Mach number and use  t h e  flow /186 
e q u a t i o n  ( 3 . 2 )  t o  f i n d  the f low s e c t i o n  area: 

The a n g l e  a2 i n  t h e  f irst  approximat ion  i s  t a k e n  i n  t h e  range  8 5 O  - 9 5 O .  

4 .  We s p e c i f y  t he  l o a d i n g  c o e f f i c i e n t  a t  t h e  l a s t  stage blade 

r o o t  and determine:  

- t he  i n n e r  diameter a t  t h e  t u r b i n e  e x i t  

where n and Lst - l a s t  t u r b i n e  s t a g e  r o t a t i v e  speed  and work; 

- the  l a s t  s t a g e  o u t e r  d i ame te r  

- t h e  blade l e n g t h  

- Dc2 - D i 2  
2 hb - 

5. We make a p re l imina ry  check of t h e  stresses i n  t h e  l as t  
s t a g e  blade r o o t  s e c t i o n  i n  o r d e r  t o  de te rmine  t h e  degree  t o  which 

the  s e l e c t e d  pa”ameters and r e s u l t i n g  geometr ic  dimensions s a t i s f y  
the  r o t o r  b lade  s t r e n g t h  c o n d i t i o n s .  
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The t e n s i l e  stresses i n  the last t u r b i n e  stage r o t o r  blade root 
s e c t i o n  can b e  found from (3.6) :  

Ct-Qt r -K,*l,?** 1P+jjF’. 

where K4 - blade form f a c t o r ,  determined u s i n g  F igu re  3.2; 
3 pb- blade material density i n  kg/m . 

The o v e r a l l  stresses i n  the b lades  from (5 .7) :  

/a is f o m d  from F igure  where ‘Send t 
a i r  f l o w r a t e  t o  t h e  d e s i g n  f l o w r a t e  
a n a l y s i s .  

3.4 f o r  t h e  r a t i o  of t h e  maximal  

O d O d  known from the eng ine  

The r e s u l t i n g  va lue  o f  az is  compared w i t h  the  a l l o w a b l e  stress 

f o r  t he  selected blade material at t h e  blade tempera ture  Tb 2 ‘a 
(0.9 - 0.95) (T! w)i, wk:!re f o r  &#J,  

Here, ui = I I D ~ / ~ O ;  

TE - t o t a l  temperature a t  t h e  i n l e t  t o  t he  l a s t  s t a g e .  

The a l lowab le  stress aa = osr;n, where (Jsr i s  t h e  b l a d e  material 

s t r e s s - r u p t u r e  s t r e n g t h  a t  t h e  g iven  t empera tu re ,  n i s  t h e  s t r e n g t h  
safety f a c t o r .  

Frequenti .y,  the  p re l imina ry  v e r S f l c a t i o n  c a l c u l a t i o n  o f  t h e  

blade s t r e n g t h  is  made approximate ly ,  c o n s i d e r i n g  on ly  the  t e n s i l e  
stresses. 

I n  t h i s  case, t h e  a l lowab le  t e n s i l e  stress: 
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where n>2# 

I f  t h e  stresses are found t o  be  w i t h i n  a l lowab le  l i m i t s ,  t he  
c a l c u l a t i o n  can be cont inued .  However, i f  t h e  blade stresses ax  ( o r  

(3 ) are excess ive ,  t h e y  must be reduced,  e i t h e r  by r educ ing  t h e  t 
are? F2 by i r l c r eas ing  M2c,  on by r educ ing  the c o e f f i c i e n t  K$ o r  the  

r o t a t i v e  speed n (see s e c t i o n  3 .2 ) .  

6 .  We s e l e c t  the  f low p a t h  shape and make a p re l imina ry  deter- 
mina t ion  o f  the  b a s i c  f low p a t h  dimensions.  

The flow p a t h  form i s  determined t o  a c o n s i d e r a b l e  degree by 

the r a t i o  o f  t h e  f low pe th  areas a t  t h e  t u r b i p e  i n l e t  and e x i t  Po/P2, 

t h e  cascade  width, and t h e  magnitude o f  t h e  a x i a l  c l e a r a n c e  (see 
s e c t l o n  3.5) .  However, i n  the p re l imina ry  c a l c u l a t i o n ,  when se lec t -  
i n g  the  f low p a t h  form, t h e  r o t o r  and s t a t o r  cascade  w i d t h  can  be 

determined approximately (see s e c t i o n  3 .4 ) .  

The flow pa th  area r a t i o  &/F9 depends on t h e  gas sxpans ion  
r a t i o  i n  t h e  t u r b i n e  n;==p?p:, and the  r e l a t i v e  s t r e a n  d e n s i t i e s  a t  
t he  turbir!e i n l e t  and e x i t .  

Froin t h e  flow e q u a t i o n  w r i t t e n  f o r  t h e  t u r b i n e  f low p a t h  i n l e c  
and o u t l e t  s e c t i o n s ,  we have: 

(8 .2)  

From t h e  s t a t i s t i c a l  data f o r  e x i s t i n g  t u r b i n e s ,  t h e  q u a n t i t i e s  
q(Ao) and q(W v a r y  i n  t he  limits q~~)=0,7+0,84 (MpO,45-3,6) and 
q(&) =Q,30-0,46 (&=0,184.22) 
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The q u a n t i t y  v,f, i n c r 2 a s e s  w i t h  i n c r e a s e  o f  t h e  a i r  compression 

r a t i o  i n  the compre0sor ni and t h e  engine  b y p a s s  r a t i o .  

c r e a s e  of  t n e  t u r b i n e  i n l e t  gas t t a p e r a t u r e , n $  d e c r e a s e s .  

With i n -  

The dependence of the  t u r b i n e  flow s e c t i o n  area r a t i o  F2’/F0 on 

the  a i r  compression r a t i o  i n  t h e  compressor on the  s t a n d  v i o  and t h e  

gas  tempera ture  TI, ob ta ined  as a r e s u l t  o f  c a l c u l a t i o n  f o r  the con- 

d i t i o n  G = Gd,q(b)/q(4)=Q5;~=0.9 and qy.O.84--(d86, is  shown i n  F igu re  8.1. 
g 

The t u r b i n e  flow p a t h  width: 

where si = (ss  + s ~ ) ~  and li - a x i a l  c l e a r z n c e  o!’ t h e  ith stage. 

I f  we i n t r o d u c e  t h e  mean va lues  of 
t h e n ,  

s = z  rowSi + (%ow - l ) A i  = T 

hb - ( 8 . 3 )  ‘row + (‘row 

where zrOW -- number of b l ade  
rows; 

Ep, = hb/sr - r o t o r  blade a s p e c t  
r a t  i o  ; 

c l e a r a n c e .  

- 
h = A / s r  - r e l a t i v e  a x i a l  

I n  p re l imina ry  c a l c u l a t i o n s ,  
t h e  mean va lue  of  Gb can b e  t aken  

i n  t h e  range hb = 3 - 4 , and t h e  
- * 

si and for a l l  t h e  s t a g e s ,  

F igu re  8.1.  Turbine flow p a t h  
area r a t i o  F ~ / F o  as func’ion 
o f  a i r  compression r a t i o  i n  
compressor and t u r b i n e  i n l e t  

gas  temperature 

- 
mean va lue  of  t h e  r e l a t i v e  a x i a l  c l e a r a n c e  - A=0,260.3. 
t - 
For stages w i t h  shrouds ,  t h e  va lue  of hb r eaches  6 - 7 .  
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1' The flow p a t h  d ivergence  a n g l e  of  a t u r b i n e  
oE te r  diameter Do = cons t :  

made w i t h  c o n s t a n t  

(8.4) 

/189 where - 
- Do - Dio-. 

ho - 2 , D i O  
- - / D - 3 .  0 %  

For Dm = c o n s t ,  

where 

i' 

T h i s  va lue  of y should l i e  i n  a c c e p t a b l e  l i m i t s  (see Chapter 111). 

During de ta i led  a n a l y s i s  o f  t h e  i n d i v i d u a l  stages, it may beccme 
necessary t o  a l t e r  t h e  s e l e c t e d  f low p a t h  shape and dimensions.  
Therefore ,  t h e  pre l iminary  c a l c c l a t i o n  o f  +.he b a s i c  f low p a t h  dimen- 
s i o n s  should b -  cans ide red  only as t h e  f i r s t  approximation,  necessary  
f o r  determining t h e  r e q u i r e d  i n i t i a l  parameters  f o r  c a l c u l a t i n g  t h e  

i n d i v i d u a l  s t a g e s .  

7 .  For s e l e c t i n g  t h e  number o f  s t a g e s ,  d i s t r i b u t i n g  t h e  work 
among the s t a g e s ,  and de termining  the  b a s l e  t u r b i n e  f low p a t h  dimen- 
s i o n s ,  we t u r n  t o  de ta i led  c a l c u l a t i o n  o f  t h e  first and subsequent  
s t a g e s  a t  t h e  mean diameter. Ehch s t a g e  i s  c a l c u l a t e d  u s i n g  one o f  
t h e  methods p re sen ted  i n  Chap te r  I V Y  w i tn  account  f o r  t h e  mi l l t i s t age  

i 

t u r b i n e  c a l c u l a t i o n  procedures  exanined above. - 

I f  t h e  de t a i l ed  c a l c u l a t i o n s  are r e s t r i c t e d  t o  only a s i n g l e  t u r -  
oink s t a g e  ( f o r  example, i n  an  academic course c r  diploma desigr , ) ,  
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u s u a l l y  the  last  s t a g e  i s  ana lyzed;  i n  t h e  f irst  stages, w e  on ly  
de te rmine  the  flow parameters  a t  t h e  i n l e t  t o  and o u t l e t  from the  
stages and t h e i r  flow p a t h  geometri:: d imensions;  w e  a l s o  v e r i f y  t h e  

r o t o r  blade stresses and s t r e n g t h  marg?ns, s i n c e  i n  t h e  f irst  stages 
the s t r e s s - r u p t u r e  s t r e n g t h  and t h e  magnitude o f  t h e  a l lowab le  
stresses i n  t h e  blades decrease (a long  w i t h  r e d u c t i o n  o f  t h e  blade 

l e n g t h )  because o f  the  h i g h e r  gas t empera tu re  and blade tempera ture .  
If the  s t r e n g t h  margins are unacceptab ly  low, w e  must change the  
blade material o r  use  blade c o o l i n g .  Turb ine  c o o l i n g  i n t r o d u c e s  cer- 
t a i n  changes i n t o  t h e  t echn ique  f o r  c a l c u l a t i n g  the  flow parameters 
and t u r b i n e  f low p a t h  dimensions (see Chapter VI). 

8. After c a l c u l a t i n g  a l l  t he  s t a g e s  a t  the mean diameter, w e  
de te rmine  the  e f f i c i e n c y  o f  the  e n t i r e  t u r b i n e :  

The a d i a b a t i c  gas  expans ion  work i n  t h e  n l u l t i s t a g e  t u r b i n e  i n  
terms of  t o t a l  parameters i s :  

where n:=p?p; is the  gas expans ion  r a t i o  i n  t h e  t u r b i n e  i n  t o t a l  
parameters ,  and the p r e s s u r e  p!) i s  determined from t h e  r e f i n e d  data 

a f t e r  the  detai led c a l c u l a t i o n  of a l l  t h e  stages.  

If the  detailed tu rb i i i e  c a l c u l a t i o c  i s  r e s t r i c t e d  t o  on ly  ca l cu -  
l a t i o n  o f  the  las t  s t a g e ,  t he  t u r b i n e  e f f i c i e n c y  is not  v e r i f i e d .  

If t h e  t u r b i n e  e f f i c i e n c y  i s  unacceptab ly  low, we must re- 
examine t h e  s e l e c t i o n  o f  t h e  i n d i v i d u a l  s t a g e  parameters  w i t h  t h e  
o b j e c t i v e  of  i n c r e a s i n g  t h e i r  e f f i c i e n c y .  

9 .  After c a l c u l a t i n g  t h e  t u r b i n e  stages a t  t h e  mean diameter, 
we s e l e c t  f o r  each stage t h e  flow parameter d i s t r i b u t i o n  a l o n g  t h e  

blade h e i g h t ,  and determine t h e  flow parameters a t  t h e  i n n e r  and 
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o u t e r  diameters, 3s shown i r i  Cr,,.pter 111. Then w e  s e l e c t  t h e  cascade 
parameters ,  c o n s t r u c t  t he  blade p r o f i l e s  f o r  v a r i o u s  s e c t i o n s  a l o n g  
the blade l e n g t h ,  and de termine  t h e  blade s e t t i n g  a n g l e s  i n  t h e  cas- 

cade on t h e  basis of t he  requi rements  for o b t a i n i n g  t h e  d e s i g n  velo-  
c i t y  t r i a n g l e s ,  and on the basis of  s t r e n g t h  and p r o d u c i b i l i t y  con- 
s iderat i o n s .  

8 .2 .  Two-Stage TJE Turbine  Gasdynamic 
C a l c u l a t i o n  Example 

As a n  example, w e  sha l l  c a l c u l a t e  a s i n g l e - s h a f t  two-stage 
t u r b o j e t  eng ine  (TJE)  t u r b i n e .  

We assume tha t  t h e  fo l lowing  i n i t i a l  data f o r  t h e  t u r b i n e  cal- 
c u l a t i o n  are known from the  gene ra l  gasdynamic engine  c a l c u l a t i o r -  

gas f l o w r a t e  G = 92 kg/s; 

t u r b i n e  o u t l e t  gas t o t a l  p r e s s u r e  p; = 1 . 2  MPa; 

t u r b i n e  i n l e t  t o t a l  t empera tu re  Tb = 1300 K ;  

r e q u i r e d  t u r b i n e  shaf t  work LT = 358,000 J/kg; 

t u r b i n e  r o t o r  speed n = 7340 rpm; 
adiabatic exponent k = 1.33; 
compressor o u t e r  diameter (Do)k = 0.89 m .  

Q 

The t u r b i n e  c a l c u l a t i o n  i s  made i n  t h e  fo l lowing  sequence.  

1. We first de termine  the flow parameters  and flow s e c t i o n  
area at  t h e  t u r b i n e  o u t l e t .  

The t o t a l  t empera ture  and t o t a l  p r e s s u r e  a t  t h e  t u r b i n e  o u t l e t :  

, 
f 
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where i n  t he  first approximation we have t aken  <-%9l. 4 

1 

We assume the  t u r b i n e  o u t l e t  Mach number Plsc-Wg, and t h e  flow / l 9 l  i 
l e a v i n g  a n g l e  f4-W'. From the  flow e q u a t i o n  (3.21, w e  determine t h e  
flow s e c t i o n  area at t h e  t u r b h e  o u t l e t :  

2. On the  basis o f  the  g e n e r a l  eng ine  l a y o u t  and c o n s i d e r a t i o n s  
r e l a t i v e  t o  t h e  a l lowab le  t u r b i n e d i a m e t r i c a l  dimension, w e  s e l e c t  the f 
maximal t u r b i n e  o u t e r  diameter Do = 0.93 m,  and f o r  toe last-stage 
t u r b i n e ,  w e  de te rmine :  

c 

E, I 

o u t l e t  i n n e r  diameter 
t 

r o t o r  b l a d e  l e n g t h  
d 

mean diameter 

Om-- 4*=0*lrram; 2 

c i r c u m f e r e n t i a l  v e l o c i t y  a t  t h e  i n n e r  diameter 

For  t h e  given work t,=358 kJ /kg  i n  accordance w i t h  t h e  recommen- 
d a t i o n s  i n  s e c t i o n  3.1, we take two t u r b i n e  s t a g e s .  

C 

3 .  S e l e c t i n g  t h e  l o a d i n g  c o e f f i c i e n t  a t  t h e  second s t a g e  i n n e r  
diameter H~ = 2 . 1  (see C h a p t e r I I ) ,  we f i n d  i t s  work: 



i 

4. In the first approximation, we determiw the inner diameter 
at the outlet of stage I. Taking pi = 2.2 f o r  this stage, we find: 

5. We make a preliminary determination of the masimal stresses in 
the root section of the stage I1 rotor blade. 

Ye maximal tensile stress is found from the formula: 

For the rotor blade, we select the E1929 alloy, whose density 
is pb = 8.4 10 3 kg/m 3 . 

We take a llriesr law of variation of  the section area along the 
blade height and the form factor K4 = 0.625 (see Chapter 111, 
Figure 3.12). 

Then, 

We determine the overall rotor blade stresses (with account for 
the bendink stresses) from the formula: 

I 
. - i  ?. 

I 
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/a = 0.32 is determined from F i g u r e  3 . 4  f o r  t h e  r a t i o  o f  bend t where a 

t h e  maximal flowrate t o  the d e s i g n  flowrate Gmax/Gt = 1 . 4 ,  known from 
t h e  g e n e r a l  eng ine  c a l c u l a t i o n .  

The r e s u l t i n g  stress az i s  compared w i t h  t he  a l l o w a b l e  stress 
aa f o r  the s e l e c t e d  material a t  the  blade r o o t  tempera ture  Tb 2 - 
0.93q w)i' To de te rmine  t h e  flow tempera ture  TT w ,  w e  take e. 

I n  t h i s  c a s e ,  

Then, 

and the b lade  tempera ture  Tb = 493.1CMe98oK. 

We assume t h e  engine  o p e r a t i n g  l i f e  ~=5000 hours ,  and f o r  t he  

g iven  blade tempera ture  and s e l e c t e d  material EI929, we f i n d  from 
F igure  3.5 t h e  s t r e s s - r u p t u r e  s t r e n g t h :  

2 = 412 MN/m . ' s  r 

The blade s t r e n g t h  margin: 

c ul 
This  va lue  o f  n is a c c e p t a b l e  ( n > 2 ) ;  t h e r e f o r e ,  t h e  t u r b i n e  c a l -  
i o n  can b e  cont inued .  

6 .  We i n i t i a l l y  take t h e  flow p a t h  f Q r m  j s i th  c o n s t a n t  o u t e r  
d i ame te r  Do = c o n s t .  

We s p e c i f y  t h e  t u r b i n e  i n l e t  Mach number & - o s ,  and de termine  
t h e  flow p a t h  area Fo and s t a to r  vane he igkt  ho :  

2 3 3  
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The cascade  width can  be c t t e r m i n e d  u s i n g  the t echn ique  pre- 
s e n t e d  i n  s e c t i o n  3.4. The cascade  width can  be t aken  approximately 
on t h e  basis o f  s t a t i s t i c a l  data f o r  e x i s t i n g  t u r b i n e s .  For  m u l t i -  
s t a g e  t u r b i n e s ,  hb = 2.5 - 6.5. The smaller v a l u e s  of  gb p e r t a i n  t o  

the first s t a g e s ,  and t h e  larger v a l u e s  - t o  t h e  l as t  stages. The 
s t a t o r  vane r e l a t i v e  l e n g t h  i s  u s u a l l y  t a k e n  somewhat l ess  ( the  d i f -  

f e r e n c e  between hr and cs r eaches  30 - 40%, o r  more).  

- 

I n  accordance w i t h  these v a l u e s ,  w e  take 

(&,) /=I .% (ii,k=3,6, ( E ,  )//==3.k (&jlt=4- 

We determine  t h e  cascade  width and t h e  minimal p o s s i b l e  magni- 
t ude  o f  t h e  axial  c l e a r a n c e s  on t h e  basis of r e l a t i v e  d isp lacement  o f  
the r o t o r  and s t a t o r  (see s e c t i o n  8.11, and t h e n  draw t h e  t u r b i n e  
flow p a t h  t o  t h e  desired s c a l e  ( F i g u r e  8 . 2 ) .  

The r e s u l t i n g  flow 
p a t h  d ive reence  a n g l e  

( y i . m  

c e p t a b l e  l i m i t s  (see Chap- 
t e r  111); t h e r e f o r e ,  we 
f i n a l l y  take the  f low p a t h  
form w i t h  Do = cons t .  

= 12'50') is i n  ac- 

After s e l e c t i n g  t h e  

flow Dath scheme and makina 

9 f 

- -. 

\ 

/193 
v 

Figure  8.2.  Turbine f low p a t h  t h e  p re l imina ry  d e t e r m i n a t i o n  



! 

:: 

h 

t 

o f  t h e  bas ic  flow p a t h  dimension, w e  perform t h e  de t a i l ed  c a l c u l a -  
t io r i s  of the  first and second t u r b i n e  stages*. 

8.2.1. GLsdpamic - ---- c a l c u l a t i o n  - - - of  - - Zirst - - - t u r b i n e  - - - - - - - - -  
stage ar. t he  mean diameter - - - - - - - - - - -  

I 

i 

From t h e  p r e l i m i n a r y  t u r b i n e  c a l c u l a t i o n ,  we know: stage work 
= 198,200 J / k g ,  r o t o r  speed n = 7340 rpm, stage i n l e t  f low (Lst)I  

parameters  ( ~ ~ - = l ~ K , & - = b 2  M P s ) ,  and the  flow pa th  shape and 
dimens i o n s .  

We shal l  make t h e  c a l c u l a t i o n  u s i n g  the  t echn ique  i n  which t h e  

i n i t i a l  parameters are M2c and a2. 

1. We determine  the  flow parameters  a t  t h e  e x i t  from stage I: 

2.  From the  flow p a t h  diagram, w e  f i n d :  

= Do = 0.930 rn; D i 2  = 0.760 m. DE, 2 

Do - D;2 - - 

Pi" - Ir [+(D+)q - ~ ~ o , g o 2 - o o , 7 8 q - = o ~  m 

The e x i t  s e c t i o n  mean diameter 3A2 = 
2 

f low p a t h  area at  t h e  aixge o u t l e t :  

I 8 I4 2 

0.845 in. The 

3 .  From t h e  flow e q u a t i o n ,  we f i n d  t h e  r e l a t i v e  stream d e n s i t y :  

* 
I n  approximate t u r b i n e  c a l c u l a t i o n s  ( d u r i n g  p r e l i m i n a r y  d e s i g n ,  f o r  

example) ,  d e t a i l e d  c a l c u l a t i o n  i s  Soiiti'tirnes made o f  on ly  t h e  l as t  
s t a g e  t u r b i n e ;  t h i s  c a l c u l a t i o n  v a r i a c t  w i l l  b e  p r e s e n t e d  'Jelow. 
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and t h e n  t h e  gas v e l o c i t y  a t  t h e  s t a g e  e x i t * ,  where t h e  f l o w  a n g l e  
a t  t he  stage e x i t  i s  t a k e n  equa l  t o  a;=t5". From t h e  tables  we f i n d  
h-=W-. Hence : 

a b s o l u t e  gas  v e l o c i t y  a t  t h e  stage e x i t  

a x i P l  and c i r c u m f e r e n t i a l  components o f  t h e  a b s o l u t e  v e l o c i t y  

c i r c u m f e r e n t i a l  v e l o c i t y  a t  t h e  mean diameter 

t 

c i r c u m f e r e n t i a l  component o f  t h e  r e l a t i v e  v e l o c i t y  

wz-a~=+am=*+- m/s 

r e l a t i v e  gas v e l o c i t y  

4 .  We s h a l l  f i n d  t h e  flow p a t h  dimensions :n t h e  a x i a l  
c!-earance. 

t h e  flow p a t h  s e c t i o n  area i n  t h e  ax ia l  c l e a r a n c e  

P; =- [do- ( ~ $ 7  - 7 (0.- - 0.- = 0.28 m2 . II a. 14 
I 

* I n  t h e  fo l lowing ,  w e  s h a l l  denote  gas v e l o c i t y  wi thout  t h e  p r i m e  symbol .  
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5 .  We f i n d  t h e  c i r c u m f e r e n t i a l  component of  t he  a b s o l u t e  gas 
v e l o c i t y  i n  t h e  a x i a l  c l e a r a n c e :  

where 

F 
=im,m/S 

, 3.14-0,859-f1)(B . 
P ?* 60 60 

I 

i 

6 .  We determine  the  a n g l e  al and t h e  a b s o l u t e  gas v e l o c i t y  c1 

i n  t h e  axial c l e a r a n c e  *. 
i 

From t h e  flow e q u a t i o n  w r i t t e n  f o r  the s e c t i o n  1? - l ' ,  we f i n d  
the  r e l a t i o n  s-AB(Ak)l; 

where G = 9 2  k a / s ,  and t h e  c o n s t a n t  
g 

As t h e  second e q u a t i o n ,  w e  u se  the  r e l a t i o n :  

(8 .5)  

( 8 . 6 )  

where 

We s h a l l s o l v e  t h e  s y s t e m  of  equa t ions  ( 8 . 5 )  and ( 8 . 6 )  g r a p h i -  

We t a k e  s e v e r a l  va lues  o f  X1 c ,  and f o r  each o f  t h e m  we c a l l y .  

* 
The a n g l e  al can a l s o  be de te rmined  us ing  t h e  t echn ique  d e s c r i b e d  

on pages 97 - 99. 

i 

.I 

/1g5 I - .  
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I 

i 

determine  the  v e l o c i t y  c o e f f i c i e n t  9; from t h e  graph  of e - f ( S * )  (see 
F i g u r e  4 . 1 ) ,  w e  de te rmine  0 ; ;  and t h e n  f rom(8 .5)  and (8.61, we f ind the 

d 

a n g l e  al. 

We summarize t h e  c a l c u l a t i o n  r e s u l t s  i n  T a b l e s  8.1 and 8.2.  

f 
T r a n s l a t o r ' s  n o t e .  Commas i n  ilumbtrs r e p r e s e n t  

decimal  p o i n t s .  

TABLE 8.2.  CALCULATION U S I N G  (8 .6)  * 

% 
T r a n s l a t o r ' s  wt?. Cornmzq i n  numbers r e p r e s e n t  

dec imal  p o i n t s .  

We p l o t  t h e  r e l a t i o n  hc=\(al) (F igu re  8 . 3 ) .  The i n t e r s e c t i o n  of 
t h e  curves  k,&d determines  t h e  sought  va lue  of aI-2036' and &=@#Of. 

The absolu te  gas v e l o c i t y :  /196 

C I = A I ~ U C ~  1 =o,m.m=w m/s 
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i 

the  a x i a l  v e l o c i t y  component cl:  

CI.-CI siaa~-584~~l6=Bo6 m/% ; 

t he  r e l a t i v e  gas v e l o c i t y  a t  t h e  r o t o r  
i n l e t :  

7 .  We f i n d  the  s t a t o r  e x i t  s t a t i c  pres -  
s u r e  and tempera ture  

p1- P;S (aleJ = p v s  s = 1.2.0.973.0,6171- 0.n MPa , 

where ui is determined  from F igur .  4 . 1  f o r  t he  

assumed v a l u e  cp-w ( w i t h  account  f o r  t he  lo s ses  

F igu re  8.3. De- 
pendence o f  t h e  
a n g l e  al 
f o r  t h e  f i rgt  

stage: 
a - from (8.5)  

On c 

b - from' (8 .6)  

from t5e secondary 
f lows and i n  t h e  boundary layer  on t h e  end walls): 

I ; E ~ ' o * r ( ~ ~ ~ ) l l s o e . O ~ l J M l t  

8. We determine  the  t o t a l  teaperature a t  t h e  r o t o r  i n l e t :  

9 .  We v e r i f y  t he  s t a g e  I r o t o r  b l ade  s t r e n g t h  margin.  

The b l ade  te rnpera tur t  Tb ~ 0 . ~ ~ w = o $ 2 ~ ~ ~ ~ ~ ~ ~ ~ ~  ; t h e  b l ade  r o o t  sec- 
t i o n  stresses: 

For  t h e  stage I r a t o r  b l ade ,  we aelect t h e  ZhS6-K a l l o y .  We 
t a k e  t h e  blade o p e r a t i n g  l i f e  r=bOOO hours .  From Figure  3.5, we f i n d  
t h e  s t r e s s - r u p t u r e  s t r e n g t h  Qsr = 3 1  kgf/mm2 = 334 MN/m2.  

2 3 9  
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The blade strength margin: 

I 

The value ot =1 i s  in acceptable limits without blade cooling; 
therefore, the calf?lilation can be continued*. 

10. We find the relative velocity angles at the rotor inlet 
and outlet: 

? 
11. We determine the degree of flow ccntraction: 1197 4 

I 

T 

I 
<j From the graph of W ( K ;  PI+&) (see Figure 1.8), for K = 1.35 and 

clearance ++i-V-eb, where 5 ,  is the coefficient of losses in the 

radial clearance. Taking the relative radial clearance X=i,6#, from 
F' :gre lb we find @-opr#, . 

p , + & - m O ,  we find $ = O s A  . With account for the losses in the radial I 
1 

f Then, 4 = ~ = C r , W i  . i 
# 12. We find the adiabatic gas expansion work in the rotor 

i 

the pressure and temperature at the rotor exit: 

*Blade cooling must be used In t h e  case of blade material with lower 
stress-rupture strength or f o r  r5wOo hours. 

'?" 
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t h e  a i r  d e n s i t y  a t  t h e  r o t o r  e x i t :  

1 3 .  We v e r i f y  t he  magnitude of  t h e  gas v e l o c i t y  a t  t h e  r o t o r  
e x i t  (u,=uI) : 

- a x i a l  component o f  t h e  a b s o l u t e  v e l o c i t y ,  

i 

x 

- a b s o l u t e  gas  v e l o c i t y ,  
0 2 5 - e -  6% =m m / s ,  

ainw 0,9659 

- Mach number a t  s t a g e  e x i t ,  

The d i f f e r e n c e  between t h e  v e l o c i t y  c 2  ob ta ined  and t h a t  assumed 

i n  t he  beginninc  of  t he  c a l c u l a t i o n  i s  1 .3%.  If t h i s  d i f f e r e n c e  
does no t  exceed 25,  w e  czn  use the f i rs t  approximation and c o n t i n u e  
t h e  c a l c u l a t i o n .  If  t h e  gas v e l o c i t y  d i f f e r e n c e  i s  l a r g e r ,  we m u s t  
c o r r e c t  t h e  area F2 i n  o r d e r  t o  o b t a i n  a v e l o c i t y  va lue  e q u a l  t o  t h a t  

ob ta ined  i n  s t e p  13.  

1 4 .  We determine t h e  t o t a l  temperatu-’e arid t o t a i  pressure a t  
the  r o t o r  e x i t :  

*.&??e ‘r(h0) and n ( h o )  a re  found f r q m  the t a b l e s  f o r  t h z  p r e v i o u s l y  

assumed va lue  o f  Ido = 0 . 2 2 .  

‘24 1 
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15. We f i n d  the  adiabatic gas expsns ion  work i n  t h e  stage: 

c 

16.  We c a l c i i l a t e  t h e  stage r e a c t i o n  a t  the mean diameter 

t h e  stage e f f i c i e n c y  

Alter c a l c u l a t i n g  t h e  stage a t  t h e  mean diameter, w e  selezt t h e  
flow parameter  d i s t r i b u t i o n  a l o n g  t h e  b l ade  l e n g t h ,  and determine  
t h e  f low p a r m e t e r s  a t  t he  i n n e r  and o u t e r  rad i i .  

e 

We take t h e  v a r i a t i o n  of  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  com3onent 
i n  t he  a x i a l  c l e a r a n c e  and a t  t h e  e x l t  from t h e  r o t o r ,  i n  accordance 
w i t h  t h e  c o n s t a n t  c i r c u l a t i o n  l a w  z1 r = c o n s t  an3 c2  ur = c o n j t .  

We summarize t he  c a l c i i l a t i o n  r e s u l t s  i n  T a b l e  8.3. 
L 

8.2.3. Gasdpamic c a l c u l a t i o n  o f  second t u r b i n e  
stage a t  t h e  mean d iameter  

_ - - - - _ -  - - - - - - - - - - - - - - - - -  
-. - - - - - - - - - - - - - 

The i n i t i a l  data f o r  t h e  c a l c u l a t i o n  are:  s t a g e  work (Lst)IT = 

158,900 J/kg; r o t o r  speed n = 7340 rpr,.; f low parameters  a t  stage 
i n l e t  ( P ~ 4 6 3 6  MPa, C = I I B K P & W  MPa, T i = l l a R ,  4-75. ), and t h e  flow 
pat:. shape an5 dimensions.  
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4k TABLE 8.3.  

1 
I 
- 

Parameter and Dimen- 
formula ~ sion 

I 

1 

9 
- 

191) m/s 

918 - 

. n:/s 

t 

K 

K 1192 

60 I 

( T a b l e  cont inued  on  following page)  



I 1 

1 I 

TABLE 8.3. ( con t inued)  

I 1 

:Design diameter D:, m I 
Parameter and Dirren- c 

formula ' s i o n  - -- 
om= 0.845 

2% 22!2 

75'12' 

125 445 

m 

1105 1105 1 la6 

33200 

i a d . r  
k d . s  

c- 0,1425 omm, 

Translator's n o t e .  Commas in numbers r e p r e s e n t  
decimal p o i n t s .  
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F 
& I n  a d d i t i o n ,  i n  t h e  pre1iminar:r c a l c u l a t i o n ,  w e  assume t h e  Mach 

number at  t h e  stage e x i t  &=&52(&-qSS). and t h e  f low a n g l e  . 

We sha l l  c a l c u l a t e  t he  second stage u s i n g  t h e  same t echn ique  
as used for t he  first stage. 

1. We determine  t h e  gas v e l o c l t y  a t  t h e  stage e x i t :  

- t h e  a b s o l u t e  gas v e l o c i t y  

where 

6 

I 

/201 

- t h e  a x i a l  and c i r c u n f e r e n t i a l  components of t h e  a b s o l u t e  
v e l o c i t y  

- t h e  c i r c u m f e r e n t i a l  component o f  t h e  r e l a t i v e  v e l o c i t y  

where 

- t h e  r e l a t i v e  gas  v e l o c i t y  

-E)/&+&% n/s.  

2.  We f i n d  t h e  c i r c u m f e r e n t i a l  component o f  t h e  a b s o l u t e  gas 
v e l o c i t y  a t  t h e  r o t o r  i n l e t :  

m / s  

where 
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3 .  We determine  t h e  f low a n g l e  al and a b s o l u t e  gas  v e l o c i t y  c1 
i n  t h e  a x i a l  c l e a r a n c e .  

From t h e  flow equa t ion ,  we f i n d :  - 
* Gp 

al=arcsio 
as 9 @le) 

:t 
5 

(8.7) 

where $he c o n s t a n t  

We take as t h e  second equa t ion ,  t h e  r e l a t i o n :  

-he-. 0 .mu - 
-01 amuI (8 .8 )  

We s o l v e  the  s y s t e m  o f  e q u a t i o n s  (8 .7)  and (8 .8 )  g r a p h i c a l l y  
(see s e c t i o n  8.2.1) .  A s  a r e s u l t  o f  t h e  g r a p h i c a l  s o l u t i o n  (F igu re  
8.4!, we f i n d :  

a1=29%*, A t e - 4 9 8 .  

Hence, t h e  a b s o l u t e  gas v e l o c i t y :  

t h e  axial  component c _' t h e  a b s o l u t e  ve loc i t ;  : 

4 .  We determine t h e  s t a t i c  p r e s s u r e  and s t a t i c  tempera ture  
at, t h e  s t a t o r  e x i t :  

246 
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* 

5 .  L e t  us c a l c u l a t e  t he  s t a t i c  p r e s s u r e  and s t a t i c  tempera ture  
a t  t h e  e x i t  from the  s t a t a r  

6.  The r e l a t i v e  v e l o c i t y  a n g i e s  a t  t h e  

r o t o r  i n l e t  and e x i t :  

F igu re  8.4. !le- 
pendence o f  t h e  
a n g l e  a1 
f o r  second s t a g e :  

On hl c 

?& 60.12'; 

7. We determine  the  degree  o f  flow con- a - from (8.5) 
b - from ( 8 . 6 )  t r a c t  i o n :  

and t h e  sum of t he  a n g l e s  B1+&=60012'+4PW=1@2%', and t h e n  from t h e  graph 
of 9-fW; PI+&) (see F igure  1 - 8 1 ,  we f i n d  W . 

With account  f o r  t h e  l o s s e s  i n  t h s  r v d i a l  c l e s r a n c e :  

+: = y - E, = 0,970 - 0,025 = 0.915. 

8. We f i n d  t h e  a d i a b a t i c  gas  expans ion  work i n  t h e  ' o to r :  

t h e  p r e s s u r e  and tempera ture  a t  t h e  s tage e x i t :  

)'=O.298 MPa; 

-998 & 4612 - a le  4-4 
2310 p997- 2810 

72 = T, - 
-991 K; 

81 (4 

2310 
<= 71 +& 6988  + - 

I 

p; - = 0,m ($)'= 0,- MPa. 

2 4 7  
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9. We determine  t h e  ad laba t ic  gas expans ion  work i n  t h e  
second stage: 

- thf: stage r e a c t i o n  at  t h e  mean diameter: 

- t h e  stage e f f i c i e n c y :  . 

1 0 .  We r e f i n e  t h e  adiabatlp gas expans ion  work arid t h e  tuTbine  
e f f i c i e n c y :  

! 
i 

T h i s  e f f i c i e n c y  and t h e  va lue  assuaed  a t  t h e  beginning  o f  t h e  t u r b i n e  
c a l c u l a t l o n  p r a c t i c a l l y  c o i n c i d e .  

' f  

L 

8 . 2 . 4 .  Determina t ion  o f  f!.ow Earameters  a t  second 
- - - a  - - -  - - - -  - - _  - -  - - - - - - - - -  

s t a g e  i n n e r  and o u t e r  r a d i i  - - - - - - - - _ - - - -  - 

We take t h e  v a r i a t i o n  o f  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  component 
i n  t h e  a x i a l  c l e a r a n c e  and a t  t h e  r o t o r  o u t l e t  fo l lowing  t h e  con- 
s t a n t  c i r c u l a t i o n  law: c1 r = c o n s t  and c2  ur = c o n s t .  

We siimmarize t h e  c a i c u l a t i o n  r e s u l t s  i n  T a b l e  8 .4 .  

24 8 
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sion 

K 1028 

* 
TABLE 8.4. 

-1 ~- 

Design diameter, m Parameter and 
formula 

1 .Is5 

i 

218 v" 
x (I - pFI(I - +) 

r go2 

971 

~~ 

1010 T1=C-- 4 
2310 

0.418 0.338 0.378 MFa 

1037 

- 
22 

1042 

19 

( T z b l e  c o n t i n u e d  CI? f o l i o w i n g  page)  

2 4 3  



I 

I 

A i I 

. 
TABLE 8.4.  ( c o n t i n u e d )  

Design diLamet;;r, m Parameter and Dlmen 
s i o n  

- 
m/ s 

f o rmul a 
0730 

260 

512 

85.25' 

$. 

437 492 

313.5 

948 .5 K 

MPa 0.296 0.299 

35m 91800 

Lad. r 
-Lad.st 

4 -  0.174 

" 
T r z n s l a t o r ' s  n o t e .  Commas A n  numbers r e n r e s e n t  

decimal p o i n t s .  



1 

C a l c u l a t i o n  o f  t h e  f low pzrameters i n  t h e  t u r b i n e  s t a g e s  a t  
v a r i o u s  rad i i  u s i n g  t h e  c o n s t a n t  c i r c u l a t i o n  law (under  t h e  condi-  
t i o n  @ < 1 and J, < 1) showed t h a t :  

t 

F 
1) f o r  large r e i a t i v e  hub diameters ( i n  t h e  p r e s e n t  example, 

& - ~ , ~ l l = o . 7 S 7  ) the  a x i a i  flow v e l o c i t y  components cla and c~~ vary I 

2) the  v a r i a t i o n  o f  cla and c~~ a l o n g  t h e  r a d i u s  i n c r e a s e s  w i t h  
5 

increase of  t h e  flow s w i r l  and w i t h  reduf2t ion o f  t h e  r e l a t i v e  hub c 

diameter z. 
tha t  f o r  t he  same f low parameters a t  t h e  mean r a d i u s  and r e d u c t i o n  
o f  t h e  r e l a t i v e  hub diameter dII f-am 0.787 t o  0 .6 ,  t h e  v a r i a t i o n  of 

For  example, c a l c u l a t i o n s  o f  t h e  . econd  s tage showed 

t h e  a x i a l  v e l o c i t i e s  a l o n g  t h e  r a d i u s  i n c r e a s e s  co r re spond ing ly :  
Acla - from 3 . 3 %  t o  l o . " % ,  and Ac - from 0.3% t o  2.8%, respec-  2a 

t i v e l y .  

T h i s  exampleshows t h a t  f o r  l a rge  r e l a t i v e  stage hub diameters 
( f o r  r e l a t i v e l y  s h o r t  b l a d e s ) ,  i n  t h e  c a l c u l a t i o n s  of t h e  flow para- 
meters a long  t h e  r a d i u s  u s i n g  t h e  law I' = c o n s t ,  we can take cla and 

'2a 

; 

t o  be a p p r o x i q a t e l y  c o n s t a n t  a l o n g  the  r a d i u s .  
? 

8.3. Example of  Approximate Gasdynamic C a l c u l a t i o n  3 

d 
4 

I n  many c s s e s ,  t he  s t u d e n t  i s  n o t  r e q u i r e d  t o  per'orc, d e t a i l e d  /206 i 

I 

i 
of Two-Stage T J E  Turbine 

* 

I( 

f c a l c u l a t i o n s  of a l l  the m u l t i s t a g e  t u r b i n e  s tages  t o  s a t i s f ; i  t h e  

o b j e c t i v e  of t h e  academic c o u r s e  or diploma p r o j e c t .  I n  t h i s  c a s e ,  J 
5 
f de ta i l ed  c a l c u l a t i o n s  are made only  f o r  a s i n g l e  t u r b i n e  s tage ,  

u s u a l l y  t h e  l as t  s tage.  'de s h a l l  examine t h e  t echn ique  o f  t h i s  

approximate c a l c u l a t i o n  i n  t h e  fo l lowing  example. 
4 
i! 

I 

We take t h e  i n i t i a l  data f o r  t h e  c a l c u l a t i o n  t o  b e  t h e  s E m e  as 
i n  t h e  example cons ide red  above ( G  

l3@O K; LT = 358,000 J / k g ,  n = 7340 rpm; k = 1 . 3 3 ) .  

= 9 2  k g / s ;  p t  = 1 . 2  MPa; TE = 
g 
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We determine  the  number o f  t u r b i n e  s t a g e s ,  d i s t r d b u t e  t h e  work 
among t h e  s t a g e s ,  s e l e c t  t h e  f low p a t h  shape,  anci determine i t s  
dimensions (see s t e p s  1 - 5 of t h e  example cons ide red  above and t h e  

flow p a t h  scheme o f  F igu re  8.2) * .  

As a r e s u l t  o f  t h e  c a l c u l a t i o n s ,  we o b t a i n :  

The i n i t i a l  data f o r  the  s t a g e  c a l c u l a t i o n  are:  s t a g e  work 
= 159,800 J/kg, r o t o r  speed n = 7340 rpm, flow parameters  at  ( L s t ) I I  

s t a g e  o u t l e t  p2* = 0.355 MPa, T2+ = 990 K ,  f low p a t h  f o m  and 
dimensions.  

Wt shall  make t h e  c a l c u l a t i o n  us ing  t h e  technique  i n  i;;iich t h e  
i n i t i a l  parameters are t a k e n  t o  be X Z c  = 0.55 and a = 8 6 O .  2 

1. We determine  t h e  gas  v e l o c i t y  a t  t n e  s t a g e  e x i t :  

t h e  a b s o l u t e  gas  v e l o c i t y  

~ 2 ~ ) 1 2 C 1 8 , ~ ~ - 0 , 5 5 . 1 8 , 3 ~ ~  -314 nl / s  ; 

t h e  a x i a l  and c i r c u m f e r e n t i a l  components of  t h e  a b s o l u t e  v e l o c i t y  

f 
t h e  c i r c u m f e r e n t i a l  component 02 t h e  r e l a t i v e  v e l o c i t y  

* 
The t u r b i n e  parameter  c a l c u l a t i o n  technique  In s t e p s  1 - 5 and  t h e  

r e s u l t s  of  t h e  c a l c u l a t i o n  a r e  e x a c t l y  t h e  same as  those  examined 
above i n  s t e p s  1 - 5 .  

Y 

i 

i 
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I 

where 

2 .  We determine t h e  c i r c u m f e r e n t i a l  component of  t h e  z b s o l u t e  
gas v e l o c i t y  a t  t h e  r o t o r  i n l e t .  

We take approximately uI~up=u=S17 m/s. 
Then, 

where 

3. We f i n d  t h e  flow angle a1 and t h e  a b s o l u t e  gas v e l o c i t y  c1 
i n  t h e  a x i a l  c l e a r a n c e .  

From t h e  flow equa t ion ,  we f i n d :  - 
Gg 

0; q4d 
a1 P aresin 

where t h e  consta:;t 

t h e  flow s e c t i o n  a r e a  
x a 14 b=T(%-q) - ~ ( o . 9 3 ( p - o , l i f o 9 - o o , ~  IIq 

t h e  t o t a l  pressure c i t  t h e  second s t a g e  I n l e t  

253  
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1 
^ -  I . uag"lt ..> -, 

The f i rs t  stage e f f i c i e n c y  was t aken  equa l  t o  (n.!t)I = 0 . 9 .  

A s  t h e  second equa t ion ,  we use  t h e  r e l a t i o n :  

cos al = h . = o 2 ! ! L *  
&le he (8 .10)  

tr'e s o l v e  t h e  sysf ,em of equa t ions  (8 .6)  and (8 .10)  g r a p h i c a l l y  (see 
s e c t i o n  8.3.11, and f i n d  al.pdOO.hC=WI. Then, 

t h e  a b s o l u t e  gas  v e l o c i t y  

t h e  a x i a l  component of t h e  a b s o l u t e  L e l o c i t y  
.,' [ 

E cl.-clsinal=sSs.O,S-ZfA in/s ; 

t h e  r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  i n l e t  

4. We determine t h e  p r e s s u r e  and tempera ture  a t  t h e  s t a t o r  e x i t :  

p1 p p~o~,~~(Alr) u 0,635-0$76-0*6048 a 0.m MPa . 
ti P <* (AIc) 11'28.O.eSn ~ s S 5  

5. We f i n d  t h e  r e l a t i v e  v e l o c i t y  a n g l e s  a t  t h e  r o t o r  i n l e t  
and e x i t :  

/208  

3 

6. Ve determine t h e  tempera ture  and presswe a t  t h e  s tage e x i t :  

7'2 E GS ( A k )  990.OOQS72 947 I(; 

p1= p> (A,) = 0,3j5.0,8382 -0,297 MPa . 



I 

Then, the a d i a b a t i c  gas expansion work i n  t h e  r o t u r :  

=65200 J/kg; Lad. r 

t h e  a d i a b a t i c  gas  expansion work j? t h e  s t a g e :  

h225!200 J/kg; 

t he  stage r e a c t i o n  a t  t h e  mean r a d i u s  

A f t e r  c a l c u l ? t i n g  t h e  stage a t  the mean diameter, we s e l e c t  t h e  
f low parameter varia'Gion a long  t h e  b l a d e  l e n g t h  and de tcxn ine  t , he  

f low parameters  a t  t h e  i n n e r  and o u t e r  r a d i i .  

8.3.2.-  geetermination of flow Earameters - - - - - - - - -  i n  s t a g e  - - -  - - - - - - - - - -  
st i n n e r  and o u t e r  r a d i i  - - _ - -  - - - -  _ _ -  

We t a k e  t h e  v a r i a t i o n  o f  t h e  a b s o l u t e  v e l o c i t y  c i r c u m f e r e n t i a l  
.omponent i n  t he  axial  c l e a r a n c e  and a f t e r  t h e  r o t o r  fo l lowing  t h e  
k i w  c r = cons t  and ca = c o n s t .  U 

For convenience of  a c t u a l  b l ade  p r o f i l e  v e r i f i c a t i o n  w i t h  t h e  

aid of templates, we t a k e  as t h e  des ign  s e c t i o n s  Do = 0 . 9 2 6  m, Dm = 

0.825 m, Di = 0 .730  m .  

The r a l c u l a t i o n  i s  made under t h e  assumptlon t h a t  p8 = cons t  

and T8 * cons t  a l o n g  t h e  b l ade  l e n g t h .  
and cons t an t  l o s s e s  t h e  f low p a r a m t e r s  P r  and 'F3 will also be cons tan t  
a long  t h e  b l ade  l eng th .  
approximately TI' = cons t  a long  t h e  b lade  l eng th .  

I n  t h i s  case  f o r  Lst = cclnst 

Moreover, i n  c a l c u l a t i n g  LG3 ." P t ,  we teke 

We summarize t h e  c a l c u l a t i o n  r e s u l t s  i n  T a b l e  8 .5 .  

1 

, "  
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* TABLE 8.5. 

-I-- 
Parameter ana Dimen. Des:gn diameter, III 

formula  

- r  
f E -  

'rn 
1,155 

e 
~ 

A31 46024' 

a 2 2  

- 
556 

99s 

0.815 

22 

508 

1018 

0,411 

i. 

L 4 (Table continued on following p&;e) 
r 

f 

.. .~. . . .... - 



i 
I 
I t ! 

TABLE 8.5. (cont inued)  

- - 
Design diameter, m 

1 

0.133 I 0,825 0.9s +- I 
Dimen 

I sion 
Parmeter and 

formula 

I 

85028' M0 88" 

42-42' 43-41' 

' Q a  -*- , ria& 

I 

0,298 
I 

. r  

9i200 j 

i I 

- 
o.1a 0.406 

t 
Trans la to r ' s  no te .  Cammzs j.n numbers I-epresent 

decimal points. 
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8.4. P r o f i l i n g  Turbine Blades 

In  t P e  p r e s e n t  example, w e  r e s t r i c t  o u r s e l v e s  t o  c o n s t r u c t i o n  
o f  t he  second-stage r o t o r  blade p r o f i l e s  for three c y l i n d r i c a l  sec-  
t i o n s  cor responding  t o  Do = 0.926 m, Dm = 0.825 m,  and Di = 0.730 rn 

( the  t u r b i n e  flow p a t h  scheme i s  shown i n  F igu re  8 .2) .  

We must bear i n  mind t h a t  wi th  t h i s  s e l e c t i o n  o f  t h e  biade de- 

s ign  sect i r i - is ,  
s t r e a m l i n e s  i n  
blade s e c t i o n s  
small, and the  
be neg lec t ed .  

t h e  r e f e r e n c e  p r o f i l e  w i l l  no t  b e  a l i g n e d  w i t h  t h e  
t h e  f low p a t h .  However, the  d i f f e r e n c e  between t h e  

a long  the s t r e a m l i n e s  and the  d e s i g n  s e c t i o n s  w i l l  be 
i n f l u e n c e  o f  t h i s  on the  gas flow i n  t h e  cascade  c m  

T h e i n i t i a l d a t a  f o r  blade p r o f i l i n g  are p r e s e n t e d  i n  Tab le  8.6. 

* TABLE 8.6.  

* 
T r a n s l a t o r ' s  n o t e .  Commas i n  numbers re?re- 

s e n t  decimal p o i n t s .  

Blade p r o f i l i n g  is accomplished 

1. Wc s e l e c t  thE b a s i c  cadcade 

i n  t h e  fo l lowing  sequence.  

and p r o f i l e  parameters: 

1) r o t o r  cascade r e l a t i v e  s p a c i n ?  a t  t h e  I n n e r  r a d i u s ,  f o r  
which we can use t h e  Dyshlevskiy e m p i r i c a l  formula: 

i 

/21; 



. --- 

j 

- 1  

I 

I' I 

-o,ss[- 180 ---I 0.m (1-O0.18)==OJB!b* 
et8 0.115 

where the  r e l a t i v e  p r o f i l e  t h i c k n e s s  a t  t h e  i n n e r  r a d i u s  i n  the 
fii*st approximation i s  t aken  equa l  t o  5 = 18%; 

2) t h e  a n g l e s  o f  a t t a c k  a t  t h e  i n n e r  r a d i u s  io = -3",  a t  the  

mean r a d i u s  im = -lo, and at  t h e  o u t e r  r a d i u s  ii = 2 O .  

2. From t h e  graph of ap-f(M, &) (see F i g u r e  5.5) we de termine  
a t  t h e  t,hree d e s i g n  r a d i i  t h e  flow d e v i a t i o n  a n g l e  AB, and t h e n  
the l e a v i n g  a n g l e  B.0-W. 

3. We determine the  r o t o r  b lade  chord l e n g t h  a t  t h e  i n n e r  
r a d i u s ,  wherec td i f f e r s  l i t t l e  fron: t h e  width;  t h e r e f o r e ,  w e  can  take 
b 2 si = 30 mm f o r  f i n d i n g  t h e  cascade  s p a c i n g  and number o f  blades: - 

t he  r o t o r  cascade  spacirlg at t h e  i n n e r  r a d i u s  

t i= *i(+)4 R30.0#575 0 17.25 Uir; 
- 

t h e  number o f  r o t o r  b l ades  

We take the  number of r o t o r  blades zr = 132  an3, correspond- 
i n g l y ,  ii = 17.3 mm. 

I 

/ 212  - .  
4 .  We f i n d  t h e  cascade spac ing  ar,d s o l i d i t y  a t  t h e  mean and 

o u t e r  r a d i i :  2 
% 
? 

259 



For cons t an t  chord b = 30 mm a l o n g  t h e  b l ade  l e r g t h ,  w e  f i n d :  

5. We determine  t h e  i n t e r b l a d e  channel  t h r o a t  w i d t h  a t  t h e  
mean r a d i u s :  

and t h e  r e l a t i v e  i n t e r b l a d e  channel  t h r o a t  he ight :  

From the  c o n d i t i o n  of a c c e p t a b l e  magnitude JI- t h e  end l o s s e s ,  t h e  
q u a n t i t y  h/a should  be  no less  t h a n  6 - 7 .  

P 

6 .  We determine  t h e  geometr ic  mean v e l o c i t y  s l o p e  8, a t  t h e  
three des ign  radi i  from the formula:  

and the p r o f i l e  s e t t i n g  a n g l e  9 i n  ti.< cascade .  A t  t h e  o u t e r  and 
mean r ad i i ,  w e  take $=B;, anc! a t  t h e  inrier r a d i i  - p=W&. 

7.  We f i n d  t h e  r e l a t i v e  p r o f i l e  t h i c k n e s s e s  a t  t h e  d e s i g n  rad i i .  

We take a t  t h e  o u t e r  r a d i u s  co = 6 %  o r  c o  = 1 . 8  mm. 

blade v i b r a t i o n a l  s t r e n g t h  a t  t h e  p e r i p h e r y ,  co  should  be no less 
t h a n  4 - 58, u s u a l l y ,  c o  g 1 . 5  - 2.0 mm.) 

(On t h e  basis  of 

We can use  t h e  approximate r e l a t i o n  t o  f i n d  t h e  p r o f i l e  area:  
YP f = K 7 c .  

where f - p r o f i l e  area;  
K -- a c o e f f i c i e n t ;  
o - chord;  

s=bsinQ - cascade  w i d t h ;  

c -maximal p r o f i l e  t h i c k n e s s .  

260 
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From s t a t i s t i c a l  data o f  s e v e r a l  e x i s t i n g  t u r b i n e s  K = 0.6 - 
0.72 ( the  la rger .  va lues  o f  K apply  t o  t h e  b l i d e  r o o t  s e c t i o n s ) .  

The b l ade  s e c t i o n  area a t  any r a d i u s  can  b e  found fron; t h e  

formula : 

f r  = f i  - ( f i  - fo> z m  

r - r i  

hb 
where = Y 

r - blade r o o t  s e c t i o n  r a d i u s ;  
1 

hb - - ro - ri. 

For l i n e a r  blade s e c t i o n  area v a r i a t i o n  a l o n g  t h e  r a d i u s ,  !I? = 1. 

We determine t h e  r e l a t i v e  p r o f i l e  t h i c k n e s s  a t  t h e  i n n e r  r a d i u s ,  
where 8, 2 8, 

t h i c k n e s s  : 

from t h e  c o n d i t i o n  t h a t  t h e  maximal p r o f i l e  

c m r x ~ ~ + ~ f ( l - - s b r  brp) 

and 

I n  t h e  p r e s e n t  example, 

We take t h e  r e l a t i v e  p r o f i l e  t h i c k n e s s  a t  t he  i n n e r  r a d i u s  ci = 

0.i86, and the maximal  p r o f i l e  t h i c k n e s s  c i  = cib = 5.6 mm. 
- 

fhe blade s e c t i o n  apes r a t i o  a t  t h e  o u t e r  and i n n e r  r a d i i  f o r  
b = c o n s t  can  be faken approxfmately eql;al t o  t h e  p r o f i l e  t h i c k -  
ness  r a t i o ;  I 
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This  va lue  o f  T i s  c l o s e  t o  t h e  va lue  T = 0.3,  p rev ious ly  
assumed i n  c a l c u l a t i n g  t h e  b lade  s t r e n g t h  margin. ( I f  t h e  area 
r a t i o  i s  found t o  b e  s i g n i f i c a n t l y  d i f f e r e n t  fi-om t h e  va lue  p r e -  
v i o u s l y  assumed, i t  is  necessa ry  t o  make a n  a d d i t i o n a l  check of t h e  

b l ade  s t r e n g t h  margin.)  

F o r  t h e  previol ls ly  assumed l i n e a r  b lade  s e c t i o n  area v a r i a t i o n  
a long  t h e  l e n g t h ,  the  b l zde  r e l a t i v e  t h i c k n e s s  a t  t n e  mean r a d i u s :  

and. t he  p r o f i l e  t h i c k n e s s :  

8. We take t h e l e a d i n g  edge r a d i u s  (rl) and t h e  t r a i l i n g  edge r a d i u s  

(r2), and a l s o  t h e  edge t a p e r  a n e l k s  9, and O,, i n  acc3rdance w i t h  

f h e  recommendations i n  Chapter  'P. 

We summarize t h e  r e s u l t s  cr' t h e  b a s i c  cascade  and p r o f i l e  para- 
meter  de t e rmina t ion  i n  Table  8.7.  

9 .  We ccrnstruct $he b l ade  p r o f i l e s  u s i n g  t h e  i n i t i a l  d a t a  pre-  
s e n t e d  i n  T a b l e  8.7 (F igu re  8 . 5 ) .  

The b i s d e  p r o f i l e s  can be c o n s t r u c t e d  u s i n g  one o f  t h e  t ech-  
nique? p resen ted  i n  s e c t i o n  5 . 2 .  I n  t h e  ; resent  e x a m p l e ,  t h e  p r o f i l e  
contours  a t  a l l  t h r e e  d e s i g n  r a d i i  were drawn uding p a r a b o l i c  a r c s .  
The back o f  t h e  p r c f i l e  was descrlb,.it  by e s i n g l e  2 a r a b o l i c  a r c ,  and 
t h e  f r o n t  - by two a r c s .  

We c o n s t r u c t  t h e  ne ighbor ing  prof112 a t  t h e  cascade s p a c i n g  a t  
t h e  g iven  s e c t l o n ,  and v e r i f y  t h e  i n t e r b l a a e  ck,snnel t h r o a t  w i d t h  a .  

I 

I 

i 
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TABLE 8.7. 

-- 
Value o f  parameters  a t  

s e c t  i ons  Parameter Dimen- j 
sion 

I -1- I I I 
I 

* 
T r a n s l a t o r ' s  n o t e .  Commas i n  numbers r ep re -  

s e n t  decimal  p o i n t s .  

The r e s u l t s  o f  t h e  Gons t ruc t ion  show show that  t h e  r e s u l t i n g  
i n t e r b l a d e  channel  t h r o a t  w i d t h  s a t i s f i e s  t h e  c o n d i t i o n  a=lsin&D. 

I f  we f i n d  t h a t  a # f s m & , ,  we vary t h e  t r a i l i n g  edqe shape (vary  
t h e  a n g l e  $ *  o r  6 )  o r  vary t h e  p r o f i l e  s e t t i n g  ang le  9 t o  s a t i s f y  t h e  

c o n d i t i o n  a-fsinBtp. The magnitude o f  t h e  p r o f i l e  t a c k - s i d e  camber 

a n g l e  d b  downstream o f  the i n t e r b l a d e  channel  t l l r o a t  must  a l s o  l i e  

i n  s c c e p t a b l e  l i m i t s .  



Figure  8 .5 .  Blade p r o f i l e  c o n s t r u c t i o n  
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After t h i s ,  we v e r i f y  t h e  flow s e c t i o n  v a r i a t i o n  alon;{ t h e  i n t e r -  
blade channel  l e n g t h .  We see t h a t  the  i n t e r b l a d e  channels  a t  t h e  
pe r iphe ra l  and mean s e c t i o n s  have a smooth1.v va ry ing  converg3nt form. 
The r o o t  s e c t i o n  channe l  has a s l i g h t  d ivergence  i n  t h e  a f t  segment, 
bu t  t h i s  d ivergence  l i e s  3.n t h e  a l lowab le  l i m i t s  (Fee s e c t i o n  5 . 1 ) .  

I f  t h e  i n t e r b l a d e  channel  flow s e c t i o n  area v a r i a t i o n  i s  un- 
f a v o r a b l e  ( f o r  example, i f  there  i s  s i g n i f i c a n t  l o c a l  channel  d i v e r -  
gence) ,  i t  must be  c o r r e c t e d  - f o r  example, by s h i f t i n g  t h e  aaximal 
p r o f i l e  t h i c k n e s s  l o c a t i o n  a l o n g  t h e  b l ade  chord,  by va ry ing  t h e  mag- 
n i t u d e  o f  t he  l e a d i n g  and t r a i l i n g  edge taper a n g l e s ,  o r  by  a n  
a c c e p t a b l e  change of t h e  maximal p r o f i l e  t h i c k n e s s .  

After c o n s t r u c t i n g  t h e  p r o f i l e s  a t  t h e  des ign  s e c t i o n s ,  we 
match t h e  i n d i v i d u a l  s e c t i c n  p r o f i l e s  and c o n s t r u c t  t h e  p r o f i l e  p a r t  
o f  t h e  blade ( s e e  s e c t i o n  5 . 3 ) .  Then w e  p repa re  t h e  b l a d e  working 
drawing (see Appendix 5 )  and formula te  t h e  s p e c i f i c a t i o n  f o r  i t s  
f a b r i c a t i o n .  

1 
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C H A P T E R  I X  

O F F - D E S I G N  T U R B I N E  O P E R A T I N G  REGIMES 

9.1.  Basic Concepts c f  Turbine Opera t ing  Regimes 
and C h a r a c t e r i s t i c s  

The combination o f  basic  p h y s i c a l  q u a n t i t i e s  ( P * , P . c )  charac-  / 2 1 €  

t e r i z i n g  t h e  t u r b i n e  i s  c a l l e d  t h e  t u r b i n e  o p e r a t i n g  regime. The 
de te rmina t ion  o f  t h e  b a s i c  t u r b i n e  'Jarmeters and flow p a t h  dimen- 
s i o n s  i s  made f o r  a s i n g l e  o p e r a t i n g  regime, termed t h e  des ign  regime. 

A s  a r u l e ,  t h i s  regime cor responds  t o  t h e  t a k e o f f  o r  nominal 
engine o p e r a t i n g  regime. 

work 5, e f f i c i e c c y  qf,, gas  mass f l o w r a t e  G 

o t h e r  parameters  cor responding  t o  t h e  des ign  t u r b i n e  o p e r a t i n g  regime 
are  termed t h e  des ign  parameters .  

The v a l u e s  o f  t h e  gas  expansion r a t i o  IT?, 

r o t a t i o n a l  speed n ,  and 
& '  

Separa t ion- f ree  flow around t h e  b l a d e s  a t  t h e  op t imal  a n g l e s  o f  
a t t a c k  i s  provided i n  t h e  des ign  regime. Depending on t h e  f l i g h t  

regime and t h e  engine opera t i r lg  regime, t h e  t u r b i n e  i n l e t  gas para- 
meters (& - 
dur ing  t u r b i n e  o p e r a t i o n  i n  t h e  gas- turb ine  eng ine  s y s t e m .  

and t h e  t u r b i n e  o p e r a t i n g  regime may change markedly 

I n  it shown In gas- turb ine  the.3r-y c o u r s e s  [ 7 ,  25 ,  321 t h a t ,  f o r  
a t u r b i n e  w i t h  g iven  geometr ic  dimensions ( o r  f o r  g e o m e t r i c a l l )  
s imi la r  t u r b i n e s ) ,  t b e  o p e r a t i n g  reginie i s  determined by  t h r e e  
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working f l u i d  ( g a s )  parameters  p 8 ,  15, and p2, t he  r o t a t i o n a l  speed 

n ,  and f o u r  parameters  c!-taracterizing t h e  p h y s i c a l  and chemical  
properties o f  t h e  gas: s p e c i f i c  hest c a p a c i t y  c ( o r  r a t i o  of  t h e  

s p e c i f i c  heat c a p a c i t l e s  k), gas c o n s t a n t  R ,  dynamic v i s c o s i t y  p ,  

and thermal c o n d u c t i v i t y  A. 

P 

Turb ine  o p e r a t i n g  regimes ( rea l  gas f l o w s )  are  termed gas- 
dynamical ly  similar if geometr ic  s i m i l a r i t y  ( cons 'dn t  r a t i o s  o f  a l l  
t h e  l i k e  d imens ions) ,  k inemat i c  s i m t l a r i t y  ( j i n i l a r i t y  o f  t h e  ve lo-  
c i t y  f i e l d s ) ,  and dynamlc s i m i l a r i t y  ( s i m i l a r i t y  o f  t h e  p r e s s u r e  and 
tempera ture  f i e l d s  and, co r rc@pond ing iy ,  s i m i l a r i t y  o f  t h e  p r e s s u r e ,  
v i sco i i s ,  and i n e r t i a  f o r c e s )  a r e  observed.  

Steady f lows  i n  g e o m e t r i c a l l y  s imiiar  channe l s  are similar i f  

t h e  r a t i o s  o f  t h e  v e l o c i t i e s ,  p r e s s u r e s ,  and t empera tu res  a t  any 1 2 1 7  
two comparable p o i n t s  a re  the same: 

T h i s  i r i p l i e s  t h a t  t h e  pressure ,  t empera tu re ,  and v e l o c i t y  f i e l d s  

a t  any co r re spond ing ly  l o c a t e d  s e c t i o n s  alot!g t h e  t u r b i n e  f lcw p a t h  

a;.e sLmilar. 

I n  similar regimes, n o t  on ly  t h e  r a t i o s  of  l i k e  p h y s i c a l  quan- 
t i t i e s ,  b u t  a l s o  any d imens ion le s s  groups  formula ted  f r o n  t h e s e  
p h y s i c a l  q u a n t i t i e s ,  a l s o  remain unchanged. 

It i s  e s t a b l i s h e d  i n  s i m i l a r i t y  tkleory t h a t ,  among t h e  v a r i o u s  
d imens ion le s s  grc4Aps formula ted  from t h e  p h y s i c a l  q u a n t i t i e s ,  there  

are  groups whf.ch d e f i n e  t h e  g iven  phenomenon ( o r  gas f l o w ) .  Such 
d imens ion le s s  groups a re  termed s imi l a r i t y  c r i t e r i a .  

The fo l lowing  a re  most o f t e n  u s e d  2s  s imi l a r i t y  c r i t e r i a  I n  
turbomachines:  

CP 

e. 
- - 3 i a b a t i c  ex tqnen t  R=- ; 
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0 C - Mach number M = ; = m  ; 

--- t h e  parameter  u/c;  
- Reynolds number Re-QcllCl 
- P r a n d t l  number Pr=W&.  

(OP w=@h > ;  

The s p e c i f i e d  v a l u e s  of t h e s e  f i v e  c r i t e r i a  defirle completely 
t h e  t u r b i n e  stage o p e r a t i n g  regime. I n  s iml l a r  regimes 

td 
c c’ 

& = k’ = idem; M = M’ =idem; A=--= idem; 

Re= Re‘ = idem; Pr= Pr‘= Idem 

and a l l  t h e  o t h e r  d imens ion le s s  parameters  - f o r  example, t h e  p re s -  
s u r e  and t empera tu re  d i f f e r e n c e s  a t  two comparable s e c t i o n s ,  t u r b i n e  
e f f i c i e m i e s ,  and s o  on - remain t h e  same f o r  any v a l u e s  of t h e  

t u r b i n e  i n l e t  gas parameter;. 

The magnitude o f  t h e  a d i a b a t i c  exponent k depends on t h e  gas  
tempera ture  and s t a t e .  I n  a i r c r a f t  gas- turb ine-engine  t u r b i n e s ,  
i n  t he  gas t empera tu re  r ange  r e a l i z a b l e  a t  t h e  p r e s e n t  t ime,  t h e  

q u a n t i t y  k can  b e  cons ide red  p r a c t i c a l l y  c o n s t s n t  when a n a l y z i n g  t h e  

o f f -des ign  regimes. T h e r e f o r e ,  t h e  a ( i i a b a t i c  ex9onent k i s  u s u a l l y  
exc luded  from t h e  number of  parameters  d e f i n i n g  t h e  t u r b i n e  o p e r a t -  
i n g  regime. 

The P r a n d t l  number, c h a r a c t e r i z i n g  t h e  p h y s i c a l  p r o p e r t j e s  o f  
t h e  working f l u i d , i s  de te rmined  by t h e  number ol” atoms i n  t h e  gas  
molecule ,  and is  independent  of t h e  p r e s s u r e  pnd tempera ture  o f  t h e  
gas .  S ince  t h e  +,urbine acalysis i n  t h e  o f f - d e s f g n  regimes i s  made 

. 

f a r  d e f i n i t e  gases ( u s u a l l y  d ia tomic  g a s e s ) ,  t h e  i n f l u e n c e  o f  t h e  1 2 1 8  

P r a n d t l  n m t e r  on t h e  t u r b i n e  o p e r a t i n g  regime I s  a l s o  u s u a l l y  
n e g l e c t e d .  

Under these assumpt ions ,  s i m i l a r i t y  of  gas flow i n  t h e  t u r b i n e  
d i l l  b e  determined by t h e  Mach and Reoynolds numbers nnd by  t h e  

parameter  u/c.  
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We know from gasdynamics 
t h a t  t h e  Mach numter charac- 
t e r i z e s  t h e  1nfluer.ce o f  f l u i d  
(gas) c o m p r e s s i b i l i t y  and t h e  
He.yno Ids numb e r ch ara c t e  ri ze  s 

t h e  i n f l u e n c e  of f l u i d  
(gas) v i s c o s i t y  on t h e  n a t u r e  
of  t h e  f low artd t h e  h y d r a u l i c  
l o s s e s  i n  t h e  t u r b i n e ;  t h e  

parameter  u/c determines t h e  
k inemat ic  s i m i l a r i t y  of t h e  
f lows i n  t h e  t u r b i n e  ( s i m i -  F igu re  9.1.  Tu:-bine a d i a b a t i c  

e f f i c i e n c y  v e r s u s  heynolds  number 
l a r i t y  of t h e  v e l o c i t y  d ia -  

grams l. 

A i r c r a f t  gas t u r b i n e  eng ine  t u r b i n e g  u s u a l l y  Jperate i n  t h e  
1-egion of' se l f - s imi la r i ty  w i t h  r e s p e c t  t o  t 9 e  \leynoldz number (ex- 
c e p t  f o r  t h e  t u r b i n e s  of lower power GTE anc! d u r i n g  GTE o p e r a t i o n  a t  
h igh  a l t i t u d e s ) .  The re fo re ,  t h e  inf'-uence of  Re cr ..'g? on t h e  h b -  

d r a u l i c  l o s s e s  irL t h e  t u r b i n e  i s  no t  cons i$e red  when c a l c u l a t i n g  t h e  

bas ic  t u r b i n e  parameters i n  t h e  o f f -des ign  regimes. If t h e  t u r b i n e  
Reynolds number docs n o t  i i e  i n  t h e  se l f - s imi la r i ty  range  ( R r < 1 , 5 . 1 ~ ) ,  
c o r r e c t i o n s  f o r  t h e  in f l l i ence  o f  Re, based on experimental  data,   AS^ 

b e  in t roduced  when de te rmin ing  t h e  efr ' iciency and o t h e r  t u r b i n e  
parameters .  The Akimov r e l a t i o n s  ( F i g u r r  9.1) from r l l  can  b e  used  
t o  e v a l u a t e  t h e  in f ;uence  o f  Re on t u r b i v e  e f f i c i e n c y .  

For  t u r b i n e  c ,pe ra t ion  i n  t h ?  s e i f - s i n i l a r  regime v i t h  r e . .  c t  

t o  Re, t u r 3 i n e  o p e r a t i n g  regime s i m i l a r i t y  w i l l  b e  de te rmined  b y  

on ly  two c r i t e r i a :  t h e  Mach number and t h e  param.2ter u /c .  

The s i m i l a r t t y  c r i t e r i a  M and u/c can  b e  d e f i n e d  i n  t e r s  o f  
t h e  parameters a t  any s e c t i o n  a l o n g  t h e  t u r b i n e  flm3w p C ; , i .  It I s  

most convenient  t o  examine these p a r m  "+ers i n  t h e  c u r b i n e  a x i a l  
c l e a r a n c e ,  i . e . ,  M1 = cl/al  and ul/cl .  O the r  c - i t i n a l  pLY-rane te r s  

which ane p r o g o r t i o n a l  t o  t h e  c i t t e r i a  M1 and ul/cl can a l s o  u e  used 

in pra3t lce  f o r  de t e rmin ing  t u r b i n e  o p e r a t i n g  =?egirn? s i m i l a r i t y .  
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, 
i -  

1219 c a1 01 Bearing i n  mind tha t  h ~ = ~ - = - = & ,  we o b t a i n  t h e  s i m i -  
e1 0 1  E l  01 

l a r i t y  mi te r ia  M1 and MI u y  and t h e  c r i t e r i a  X1 and A I  u y  which are 

uniquely r e l a t e d  w i t h  t h e  former.  

I n  p l a c e  o f  t h e  s i i r i i l a r i t y  c r i t e r i o n  XlY we can  use  t h e  uni-  

quely-related-with- i t  magnituae of  t he  r e l a t i v e  stream d e n s i t y  q ( h l ) ,  

c h a r a o t e r i z i n g  t h e  gas f l o w r a t e  through t h e  t u r b l n t  : 

The s i m i l a r i t y  c r i t e r i o n  X1 Li car, b e  re la ted  w i t h  the t u r b i n e  
r o t a t i o n a l  speed-  

I n  rB6->?y c a s e s ,  i t  i s  rvre convenient  t o  use i n  p l a c e  of R1 

) a t  t h e  r o t o r  e x i t .  t h e  parameter X 2  ( o r  X 2w 

When t h e  t u r b i n e  o p e r a t z s  i n  t h e  GTE system, t h e  b z s i c  para- 
meters  c h a r a c t e r i z i n g  t h e  t u r b i n e  and de termining  tP,e eng ine  o p s r a t -  
i n g  r e g i a e  on the s t a n d  o r  i n  a g;lven f l i g h t  regime a re :  

1) gas mass flowrate G o r  t h e  p a r a n e t e r  OPv' -- -a: F,tnq(h) sin a, , 
g Po 

c h a r a c t k r i z i n g  t h e  t m b i n e  d izcharge  c a p a c i t y ;  

2 )  t u r b i n e  trork LT, o r  t h e  parameter  L T r o ;  

3 )  tu i*b i* ie  e f f i c i e n c y  nf,y c h a r a c t e r i z i n g  the  t u r b i n e  e f f e c -  

t ive i less  as am engine e lement ;  

4 )  cas exparlsion r a t i o  i n  t h e  t u r b i n e  n:=p?p; o r  aT=&p,; 

5 )  Lurbine r o t a t i g n a l  Si- tcd cr t he  p?rameter drc. 
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t 

! 

1 

The parameters  Gg,  LT, 05 c h a r a c l e r i z e  t u r b i n e  o p e r a t i n g  e f f e c -  

t i v e n e s s  i n  the  g iven  engine  o p e r a t i n g  regime. 

and n are t h e  regime parameters  which de termine  t h e  gas f low regin-: 

i n  t h e  t u r b i n e .  I n  t h e  gas  t u r b i n e  engine  o p e r a t i n g  p rocess ,  t h e y  

m&y vary because o f  change o f  t h e  compressor compression r a t i o ,  
t u r b i n e  i n l e t  gas t empera tu re ,  and t u r b i r e  l oad ing .  

The parameters  nf 

The cur;'es o f  t u r b i n e  e f f e c t i v e n e s s  parameters  G g ,  LT, rl? 

ve r sus  t h e  regirr,? parameters  I$ (or nT) and n are u s u a l l y  c a l l e d  t h e  

t u r b i n e  c h a r a c t e r i s t i c s .  I n  o r d e r  t o  make t h e  t u r b i n e  c h a r a c t e r i s t i c s  
u n i v e r s a l ,  t h e y  must b e  r e p r e s e n t e d  in t h ?  form of  curves  o f  t h e  

c r i t e r i a 1  parameters: 

o r  o f  Lhe reduced parameters  

(9.1) 

p! and T: - t u r b i n e  i n l e t  p r e s s u r e  and  t e m p e r a t u e  i n  
t h e  d e s i g n  regime. 

The exper imenta l  c h a r a c t e r L s t i c  o f  a s l n g l e - s t a g e  t u r b i n e  
foi xT v e r s u s  nT f o g  and LT.red r e p r e s e n t e d  by t h e  cur're.5 o f  G r e u  

rl = cons t  is shown i n  F igure  9 . 2 .  red 

27: 
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Tae turb i r ,e  c h a r a c t e r i s t i c s  
a l s o  may have a d i f f e r e n t  g r a p h i c a l  
r e p r e s e n t a t i o n ,  dzpendir.: 011 c h o i c e  
o f  the s y s t e m  of parameters .  I n  
s e v e r a l  s t u d i e s  [8, 281, t he  t u r -  
b ine  C h a r a c t e r i s t i c s  are r ep re -  
seiited i n  the- +'orm o f  t h e  rela- 
t i o n s  : 

1 

F l g u r e  9 .2 .  Glas f l o w r a t e  
and work v e r s u s  gas  expan- 
s i o n  r a t i o  i n  t u r b i n e  f o r  

n = cons t  

The t u r b i n e  c h a r a c t e r i s t i c s  can  b e  ob ta ined  expe r imen ta l ly  (as 
a r e s u l t  of t e s t i n g  t u r b i n e s  on s p e c i a l  s t a n d s )  o r  by c a l c u l a t i o p  
( a n a l y t i c a l l y ) .  The  exper imenta l  c h a r a c t e r i s t i c s  are more r e l i a b l e  

than  the  t h e o r e t i c a l  2 h a r a c t e r i s t i c s ,  bu t  t hey  can  b e  ob ta ined  only  
f o r  a n  e x i s t i n g  t u r b i n e  o r  i t s  model, while  t h e  c h a r a c t e r i s t i c s  f o r  
bo th  t he  t u r b i n e  be ing  designed and t h e  e x i s t i n g  ?bine can  be  

ob ta ined  by c a l c u l a t i o n .  

/ 

The o f f - d t z i g n  regime theo ry  and t h e  t u r b i n e  c h a r a c t e r i s t i c  
c a l c u l a t i o n  methods have been improved and developed i n  s t u d i e s  by 

Kazandzhan, Abiarits, Emin, Chermsov,  and o t h e r  i n v e s t i g a t o r s .  A t  / 2 2 1  
t h e  p r e s e n t  t i w - ,  t h e  a v a i l a b l e  a n a l y t i c  c a l c u l a t i o n  methods make 
i t  p o s s i b l e  t o  o b t a i n  t u r b i n e  c i T a r a c t e r i s t i c s  w i t h  adequate  accuracy  
i n  a companativeiy narrow ranze  o f  turbi.:e o p e r a t i n g  regjine v a r i a -  
t i o n .  Further? accum-ilntion of exper imenta l  data and improvemerit G f  

t h e  methods f o r  c a l c u l a t i n g  t u r b i n ?  c h a r a c t e r i s t i c s  are  necessa ry  
i n  o r d e r  t o  o'Jcain s t i f f i c i e n t l y  dccurd te  + u r b i n e  c h a r a c t e r i s t i c s  i n  
a wide range of  o p e r a t i n g  regime v a r i s t i o n  ( p a r t i c d l a r l y  o f  t u r b i n e s  
w i t h  :001e lades) .  
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- 9 . 2 .  Laws Governing V a r i a t i o n  o f  Basic Turbine  
Parameters w i t h  Turbi1.e Opera t ing  Regime 

V a r i a t i o n  

L e t  us  f i r s t  examine t h e  i n f l u e n c e  o f  change of  t h e  ~ ' e s s ~ r e  
r a t i o  i n  t h e  t u r b i n e  s t a g e  o n  the  gas  f l o w r a t e ,  t u r b i n e  work, and 
e f f i c i e n c y  f o r  a c o n s t a n t  va lue  o f  the r o t a t i o n a l  speed n. For s i m -  
p l i c i t y ,  we sha l l  assume t h a t  t h e  t u r b i n e  i n l e t  gas  t empera tu re  and 
p r e s s u r e  (PE and TE) remain c o n s t a n t ,  and v a r i a t i o n  of nT = p!/p 

i s  accomplished by  va ry ing  t h e  t u r b i n e  e x i t  pressure.  

9.2.1. Gas f l o w r a t e  v a r i a t i o n  - _ - -  - - - - - -  - - - - - -  

With i n c r e a s e  of t h e  p r e s s u r e  r a t i o  i n  t h e  t u r b i n e  s t a g e ,  t h e  

p r3ssu re  r a t i o s  i n  t h e  s t a t o r  and r o t o r  i n c r e a s e ,  which is accom- 
panied by i n c r e a s e  of t h e  reduced v e l o c i t y  l e a v i n k  t h e  s t a t o r  cascade  
(Al) and t h e  r o t o r  cascade ( A 2  w). 

f l o w r a t e  through t h e  t u r b i n e .  I n  f a c t ,  i t  fo l lows  from t h e  s t a t o r  
f l o w r a t e  equa t ion :  

T h i s  r e s u l t s  i n  i n c r e a s e d  gas  

( 9 . 3 )  

1 

( s e e  

t h a t  Gred v a r i e s  i n  p r o p o r t i o n  tosinalq(h). . The a n g l e  a1 and s i n  a 

remain p r a c t i c a l l y  c o n s t a n t  w i t h  i n c r e a s e  o f  A1 t o  Xlg0,;5-0,7 

Figure  5 . 5 ) .  The re fo re ,  i n  t h i s  f low v e l o c i t ,  r ange ,  Gred Q q ( A 1 ) .  

With f u r t h e r  i n c r e a s e  of 71, t h e  gas f l o w r a t e  i n c r e a s e  w i t h  i n c r e a s e  

of  'rrT slows down, s i n c e  t h e  flow l a g  a n g l e  i n  t h e  cascade  d e c r e a t o s  

as n g  i n c r e a s e s ,  and t h e r e f o r e  t h s  a n g l e  a1 and s i n  a dec rease  and  

t h e  growth of q ( h l )  s lows down. 

* 

1 

I n  t h e  c a s e  a f  c r i c i c a l  p r e s s u r e  r a t i o  .irl n e  ; c a i ? r  (n, = 

1.851,  t h e  flow v e l o q i t y  i n  t h e  i n t e r v z n e  c.nirnne1 narr'cw s e c t i o n  
( t h r o ? t )  r eaches  t h e  speed of sound (qb=. ;  = l), a n d  * *  c h o k i n g '' 3 f 
t h e  t u r b i n e  w i t h  r e s p e c t  t o  gas f l o w r a t e  t akes  p l a c e .  

3 
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U e l i a l l y ,  "choking" o f  t h e  t u r b i n e  s t a t o r  takes p l a c e  f irst ;  
hcwever, i n  t u r b i n e  s t a g e s  wi th  a h igh  degree of r e a c t i o n  -$a, 

"chok-t.ng" of t h e  r o t o r  takes p l a c e  f i rs t ,  when l ~ r ) l  and qga r  = 1. 

I n  t h e  case o f  a choked s t a t o r  (qg.s = l), f u r t h e r  i n c r e a s e  of 

 IT^ dozs a ~ c  le& t o  i n c r c a s e  of t h e  gas f l o w r a t e  through t h e  t u r b i n e .  

I n  t h i s  c a s e ,  w i t h  i n c r e h s e  of  'II and w i t h  co r re spond ing  i n c r e a s e  o f  / 222  

IT and m r ,  t h P r e  i s  i n c r e a s e  o f  t n e  s t a t o r  e x i t  - r e l o c i t y  ( h > I )  be- 

cause of gas  expaas ion  i n  t h e  s t a t o r  cascade  o b l i q u e  e x i t ,  and t h e  

2 

T 

S 

flow d e f l e c t i o n  i n t h e  cascade  o b l i q u e  e x i t  i n c r e a s e s  :n t h e  d i r e c t i o n  
o f  i n c r e a s i n g  a n g l e  al, and the  f low v e l o c i t ;  (b) a t  t h e  e x i t  from 

the  r o t o r  cascade  i n c r e a s e s .  
r 

The s t a t o r  e x i t  f law v e l o c i t y  i n c r e a s e s  u n t i l  "choking" ol" t he  

r o t o r  cascade  t h r o a t  takes p l a c e  w i t h  & = = I .  

For s u b c r i t i c a l  p r e s s u r e  l * a t i o s ,  t h e  

t h e  s t a t o r  ( r o t o r )  cascade  can b e  found f 
s u p e r c r i t i c z l  p r e s s u r e  r a t i o ?  - f r o n  t h e  

flow d e f l e c t i o n  a n g l e  i n  
om Figilre 5.5,  and f c r  
furmula : 

ob ta ined  from t h e  equa t ion  of  ilOW con t2nu i ty  between t h e  stator, 
cascade t h r o a t  s e c t i o n  and t h e  s t a t o r .  2 x i t  s e c t i o n  I - I ,  where 
sinalp=a/f, a i s  t h e  i n t e r v a n e  t h r o a t  w i d t h ,  and t is t h e  cascade  
spac ing .  

The r e l a t i o n  Gred = f ( n s )  car, be p l o t t e d  as a r e s u l t  o f  c a l c u l z -  

t i o n  us lng  ( 9 . 3 ) .  F igu re  9 . 3  shows t h e  exper imenta l  depentl3nce of  
t h e  r e l a t i v e  reduced gas  f l o w r a t e  Zred 

a1 = s o n s t  a long  t k r  r a d i u s  ( t a k e n  frcm [ S I ) .  

f l o w r a t e  r eaches  a maximal va lue  for t h e  ? r i t i c a l  p r e s s u r e  r z t i o  i n  
t h e  s t a t o r  (ns = 1 . 8 5 ) .  For t h e  t a r b i n e  s t a g e  w i t h  degree  c? reac-  

on n f o r  - - Gred'Gred .max 3 

.;22 3 -- 'de s e e  t?lat t h e  gae 

t i o n  p = 0 ,  t u r b i n e  chokifig s i t h  r e s p e c t  t o  f l o w r a t e  o c c m s  f o r  

274 
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Figure  9 .3 .  R e l a t i v e  reduced f l o w r a t e  ve r sus  
t u r b i n e  s t a t o r  p r e s s u r e  r a t i o  for v a r i o u s  
va lues  of t h e  ga3 expansion r a t i o  and degree  

of  r e a c t i o n  p 

71 = 71 = 1.85. W i t ! i  i n c r e a s e  3f p,  t h e  t u r b i n e  "chokes" w i t h  ?e- 

s p e c t  t o  t h e  gas  f l o w r a t e  a t  h i g h e r  va lues  o f  v T *  
T S 

The n a t u r e  o f  t:ie r e l a t i o n  Gred = f ( v T )  i s  determined p r i m a r i l y  

by t h e  deyign gas  expansion r a t i o  i n  t h e  t u r b i n e  s t a g e  rTed, ana 

depends t o  a lesser degree  or1 t h e  des ign  t u r b i n e  r e a c t i o n  pd. 

c a l c u l a t i n s  t u r b i q e  c h a r ~ c t e r 5 . s t i c s Y  i t  i s  more convenient  t o  have a 

s i n g l e  gene-al ized r e l a t i o n  cred = f(TT), where Gred - Gred /Gred .  d ' 

When 

- - 
- 
71 = r / n  

f o r  a t l i rb ine  w i t h  v a r i o u s  va lues  of  rTSd and p d y  made ir. [25] ,  i t  

was found t o  b e  p o s s i b l e  t o  p r e s e n t  t h e  r e l a t i o m  = f(yT), ob- 

As a r e s u l t  o f  a n a l y s i s  o f  t h e  r e l a t i o n  'Gred = f ( l T , )  T T T . d '  

t a i n e d  f o r  t u r b i n s s  w i t h  d i f f e r e n t  values o f  n T S d  = 2 - 3 a n d  pd = 

0 . 3  - 0.45, i n  t h e  form o f  a s i n c l e  curve ( F i g u r e  9 . 4 )  i n  the coor-  
dinate: :  -2 

t r i a l  and e r r o r :  

and A(nT - lj,  h here A - a c o e f f i c i e n t  ob ta ined  b-4 Greil 

2 7 5  
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7 . 
i 

F i g u r e  9 .4 .  Generalized dependence of Gred -2 on 

71 (symbols t h e  same as i n  F i g u r e  9 .3 )  T 

1/2 e i cr 0 )  
A = ,  + 1 ( e  c r  

d 

- i s  the e f f e c t i v e  t empera tu re  rzitio i n  t h e  Here, ed = 

s t a g e ,  cor responding  t o  t h e  c i5 t icF . l  p r e s s u r e  r a t i o  i n  t h e  s t a t o r  

'M 
T ; ecr %d 

= 1.85) .  
( "s 

For k = 1.33 ,  and assuming t h a t  p d e c r  2, '% Pd, 

1-Qd e -  cr- 0,sss-% ' 

where - is t h e  degree  o f  r e a c t i o n  cor responding  t o  t h e  c r i t i -  

c a l  p r e s s u r e  r a t i o  i n  t h e  s t a t o r ;  

= e o L r  
f o r  pd = 0.3.  

Thc c o e f f i c i e n t  A ,  c o n s t a n t  f o r  ~r qiven  t u r b i n e ,  accoun t s  f o r  
.I' i n f l u e n c e  of  t h e  d e s i g n  v a l u e s  af' r T a d  and pd on t h e  r e l a t i o n  

= f G T ) .  

3 . Y D  
. '9 

/ 224  

I --*---.*- 

f 



We see from F igure  9 . 4  t h a t  a l l  t h e  p o i r C s  f o r  t he  d i f f e r e n t  
- t u r b i n e s  l i e  on a s i n g l e  curve  t o  w i t h i n  1% when de termining  Ered - 

- -  f(zT). 
c i e n t  accuracy  f o r  c a l c u l a t i n g  t h e  t u r b i n e  c h a r a c t e r i s t i c s  u s i n g  t h e  

approximate method. I n  t h e  range  o f  c:ed v a r i a t i o n  from 0 . 6  t o  1 . 0 ,  

=f(;?) c a n  b e  expressed  by t h e  f c l lowing  approx!rnace the  curve  Gred 

formula t o  w i t h i n  0.5 t o  1% when de termining  cred: 

The r e s u l t i n g  r e l a t i o n  Ered =f(n,) c a n  b e  used w i t h  s u f f i -  

-2 

T '  The exper imenta l  r e s u l t s  show t h a t  f o r  a constarlt. v a l u e  of  71 

t u r b i n e  r o t a t i o n a l  speed va r i a t io : ]  i n  t h e  l i n i t s  o f  Q 25% has p r a c t i -  
c a l l y  no e f f e c t  OR t h e  gas flowrate through t h e  t u r b i n e ,  a,ia t h i s  

i n f l u e n c e  i s  t h e  s u l l e r ,  t he  l a rge r  vT. 

9 . 2 . 2 .  Turbine work v a r i a t i o n  _ - _ _ _ _ _ _ - _ - - - - -  

For  any c o n s t a n t  t u r b i n e  r o t a t i o n a l  speed ,  i n c r e a s e  o f  t h e  gas 
expansion r a t i o  IT! l e a d s  t o  i n c r e a s e  o f  t h e  turb_i_ne wark :  

We s h a l l  examine t h e  laws governing t h e  v a r i a t i o n  o f  t e t u r -  
b i n e  work LT w i t h  v a r i a t i o n   IT^ for t h e  e x ~ n p l e  o f  a s i n g i e - s t a g e  

t l i rb ine  ( o r  t u r :  lrle s t a g e ) .  

With i n c r e a s e  o f  x t = ~ * I p Z ,  t h e  Eas expansion r a t i o s  i n  tlie 

s t ? t o r  IT and i n  t h e  r o t b y  II i n c r e a s e  and,  consequent ly ,  tne  flow 

v e l o c i t i e s  a t  t h e  st.at:)r e x i t  c1 and a t  trle m t o r  e x i t  w .  and c ,  

i n c r e s s e .  Accordingiy , t h e  cl: r cu rn fe ren t i a l  v e l o c i t y  component;; c 
and c 2  u ,  and t h e  t w b i n e  s t a g e  work: 

5 r 

c 

1 u  
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The n a t u r e  of  the  t u r b i n e  s t a g e  woyk v a r i a t i o n  w i t i .  nT i s  

shown i n  F igu re  9 . 2 .  Up t o  p o i n t  B ,  t h e  t u r b i n e  work i n c r e a s e s  
because o f  i n c r e a s e  o f  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  components c1 u ,  

?he p o i n t  A corresponds  t o  t h e  t u r b i n e  "chokir?.g" regime w i t h  w2 u' 
r e s p e c t  t o  gas  f l o w r a t e  MI 

l u  t k ?  v e l o c l t i e s  c3. and c 

because o f  gas  expansion i n  t h e  s t a t o r  obl.1que e x i t .  

sponding t o  p o i n t  B, t h e  f low v e l o c i t y  i n  t h e  r o t o r  i n t e r b l a d e  chan- 
n e l  t h r o a t  r eaches  t h e  speed cjf sound (W=&) .  I n  t h i s  c a s e ,  f u r t h e r  
i n c r e a s e  of nT does no t  l e a d  t o  change o f  t h e  flow regime or change 

o f  t h e  v e l o c i t  i n  t h e  s t a t o r .  

= 1. I n  t h e  r e g i o n  A - 9, i n c r e a s e  o f  

w l t h  i n c r e a s e  o f  mT takes p l a c e ,  only 

For n T  c o r r e -  

A l s o  p o s s i b l e  i s  t h e  c a s e  when t h e  v e l o c i t y  c1 r eaches  it:; 

l i m i t i n g  va lue  f i rs t  ( l i m i t  o f  ob l ique  e x i t  expansion c a p a b i l i t y , '  
when C I ~ = O I )  w i t h  m2<ar .  However, t h i s  c a s e  i s  riot c h a r a c t e r i s t i c  
f o r  a i r c r a f t  GTE t u r b i n e s .  Usual ly ,  t h e  r o t o r  t h r o a t  chokes f l r s t ,  

and t h e  v e l o c i t y  c1 does no t  reach  i t s  l i m i t i n g  va lue .  

For  1 p 2 3 O 2  w i t h  i n c r e a s e  o f  nT, i n c r e a s e  o f  t h e  t u r b i n e  :uork 

will take p l a c e  only as a r e s u l t  of  i n c r e a s e  of  t h e  ve l t Jc i ty  w 2  u, 

w i t h  gas ekpansion i n  t h e  r o t o r  cascade ob l ique  e x i t .  I n  t h i s  c a s e ,  
t h e  i n c r e a s e  of  w 2  

i n c r e a s e  of' t h e  v e l o c i t y  w 2 ,  thc:  f low d e f l e c t i o n  i n  t h e  o b l i q u e  e x i t  
i n c r e a s e s ,  which slows t h e  r a t e  of  incr-eace of  t h e  v e l o c i t y  w 2  u. 

w i t h  i n c r e a s e  o f  rT w i l l  b e  s l i g h t ,  s i n c e  w i t h  

1 
I 

/225 

t h e  expansicii  c a p a c i t y  to  'T max' A t  t h e  po in t  C ,  cor responding  

of t h e  r o t o r  obliqlte e x i t  i s  completely u t i l i z e d  ( w h - h l ) ,  and t h e  
v e l o c i t y  w2 r eackes  i t s  maximal va lue .  F u r t h e r  r e d u c t i c i i  cr '  t h e  

t u r b i n e  d i scha rge  p r e s s u r e  does not  l e a d  t o  i n c r e a s e  o f  nT and  LT. 

A t  p o i n t  C ,  nT and - 

?. 
.! 

re3cn t h e i r  maximal v a l u e ; ,  a n d  turbine "chok- 1 
E "T 

ing"  K i t h  r e s p e c t  t o  work t a k e s  p l a c e .  9 



. The < LT.max I n  t h e  des ign  t u r b i n e  o p e r a t i n g  regime LTmd 

= ALT i s  termed t h e  t u r b i n e  work marGin. - LT.d d i f f e r e n c e  LTVmax 

The magnitude of  t h e  t u r b i n e  work margin de te rmines  t h e  t a s s i b i l i t y  

o f  r e g u l a t i n g  t u r b i n e  work d u r i n g  engine  development through va ry ing  
71 by va ry ing  t h e  p r o p u l s i v e  nozz le  t h r o a t  a r e a .  F o r  small work 

margins,  t h e  t u r b i n e  becomes p r a c t i c a l l y  u n r e g u l a t a b l e  and : ? a c t s  
s l u g g i s h l y  t o  p r o p u l s i v e  nozz le  +,hroat area v a r i a t i o n .  

T 

The t u r b i n e  work margin depends on t h e  flow Mach number down- 
stream o f  t he  t u r b i n e  i n  t h e  d e s i g n  regime ( M 2 d ) - .  

h i g h e r  t h a n  0.55 - 0.6 must b e  t aken  i n  o r d e r  t o  p rov ide  t h e  r e q u i r e d  
t u r b i n e  work margin.  

A Mach number M2d no 

F igure  9.5 shows c a l c u l a -  
ted and exper imenta l  va lues  of  

LT. 
kJ/ 

t u r b i n e  work ve r sus  71, f o r  

va r ious  reduced r o t a t i o n a l  
speeds .  We see t h a i ,  depend- 
i n g  on t h e  magnitude o f  m T ,  

w i t h  i n c r e a s e  of  t h e  t u r b i n e  
r o t a t i o n a l  s p e e d ,  the  t u r b i n e  
work may e i t h e r  i n c r e a s e  o r  
dec rease .  The n a t u r e  of t h e  

i n f l u e n c e  o f  r o t a t i o n a l  speed 
n on t h e  t u r b i n e  work i s  d e t e r -  
mined by t h e  n a t u r e  of t h e  t u r -  
b i n e  e f f i c i e n c y  V a r i a t i n n  w i t h  F igure  3 .5 .  E f f i c i e n c y ,  redi.lced 

1. 

r e d  

v a r i a t i o n  o f  t h e  r o t a t i o n a l  gas f l o w r a t e ,  and  t u r b i n e  work 
v e r s u s  gas expansion 1-a t io  i n  

speed n .  t u r b l n e - f o r  v a r i o u s  reduced r o t o r  
r e d  speeds ,  n 



gf f -design - - - -  regimes - -  

I n  t h e  of f -des ign  t u r b i n e  o p e r a t i n g  regimes, t h e  a n g l e s  of 
a t t a c k  d e v i a t e  frcm t h e i r  des ign  v a l u e s  and ,  a s  a r e s u l t  o f  t h i s ,  

t h e  p r o f i l e ,  secondary,  and end l o s s e s  change. 

We know from t h e  a n a l y s i s  p re sen ted  i n  Chap te r  1 tha t :  

For any g iven  v a l u e  o f  m,$, t h e  t x r b l n e  a d i a b a t i c  work L!d.T i s  knDwn. 

I n  t h i s  c a s e ,  t h e  t u r b i n e  e f f i c i e n c y  w i l l  b e  determined by t h e  mag- 

n i t u d e  o f  t h e  i r r e v e r s i b l e  l o s s e s :  

L;,=(+- 1) 1+($- 4 l)T. 4 
( 9 . 5 )  

For  s i m p l i c i t y  o f  t h e  a n a l y s i s ,  we s h a l l  examine o n l y  t h e  i n -  /227 
f l u e n c e  o f  o p e r a t i n g  regime chalige on t h e  t u r b i n e  p r o f i l e  l o s s e s ,  
s i n c e  t h e  q u e s t i o n  o f  o p e r a t i n g  regime i r . f luence  on t h e  magnitude o f  
t h e  secondary and end l o s s e s  has nDt y e t  been s t u d i e d  s u f f i c i e n t i y .  

For  moderately l o a f  d GTE t u r b i n e s ,  t h e  s t a t o r  v e l o c i t y  c o e f f i -  
c i e n t  @ i n  a : i d e  rar.ge of regime v a r i a t i o n  can b e  cons idered  t o  b e  

p r e c t i c a l l y  z o n s t a n t  and t h e  r o t o r  v e l o c i t y  c o e f f i c i e n t  J, depends 
p r i m a r i l y  or, t h e  a n g l e  o f  a t t a c k  i .  I n  orde? t o  de te rmine  t h e  v a r l a -  
t i o n  of  t h e  v e l o c i t y  c o e f f i c i e n t  J, w i t h  change o f  +.he a n g l e  o f  a t -  
t a c k ,  we can use t h e  g e n e r a l i z e d  Matkovskiy g r a p h  ( F i g u r e  9 . 6 ) .  

The flow v e l o c i t i e s  c I  and w2 depend on nT and on the d i s t r i -  

but ion’Qf t h e  p r e s s u r e  r a t i o s  b e t w t a n  t h e  stator and r o t o r  i n  tkle 

of f -des ign  regimes.  

j 
mat ics  o f  ’ ief lov;  i t 1  the s t a g e ,  we can determine t h e  v a r l s t l o n  o f  Q *  $ 

T h u s ,  i n  any c i v e n  t u r b i n e  o p e r a t i n g  reelme w i t n  known kine-  

T’  
caused by  v a r i a t i o n  o f  t h e  p r o f i l e  lGsses and flow v e l o c i t l e s .  
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I 

-zo -& -v * -#2 0 c' 
Figure  9 .6 .  R e l a t i v e  ve lo-  
c i t y  coeff ichient  9Ni-o as 
a f u n c t i o n  (Jf a n g l e  of 

a t t a c k  

F igu re  9 .7 .  R e l a t i v e  e f f i c i e n c y  
v e r s u s  gas expsns i cn  r a t i s  i n  t u r -  
b i n e  f o r  v a r i o u s  c o n s t a n t  valLe 

of  t he  parameter tqVG 

/ 228  
,* -* 

T The dependences nT on IT fon  v a r l o u s  v a l u e s  of  t h e  r o t a t i o n a l  

speed  parameter  n vc a re  shown i n  F igu re  9 .7 .  

f i g u r e  t h a t  f o r  any g i v e n  v a l u e  o f  n a r d  a d e f i n i t e  v a l u e  of  E;,, t h e  

t u r b i n e  e f f i c i e n c y  has  a maximal va lue .  We see from ( 9 . 4 )  and (q.5) 
t ha t  t h e  r e d u c t i o n  o f  {? w i t h  "If! 7 ?$.opt i s  caused b a s i c a l l y  by i n -  

c r e a s e  o f  t h e  f low v e l o c i t i e s  i n  t h e  t u r b i n e  and some r e d u c t i o n  o f  

t h e  v e l o c i t y  c o e f f i c i e n t  $. 

We see from t h i s  

For ?+ < ?* t h e  r e d u c t i o n  o f  :! t a k e s  p l a c e  p r i m a r i l y  b e -  T T.opt '  
cause  o f  r e d u c t i o n  o f  t h e  a n g l e  o f  a t t a c k  and t h e  v e l o c i t y  s e f f i -  

c t e n t  $. 

- Change o f  t h e  t u r b i n e  r o t a t i o n a l  spetld w i  ?it = cons t  causes  
1 

change of  t h e  a n g l e  o f  a t t a c k  and t h e  flow t u r n i n g  a n g l e  i n  t h e  

r o t o r ,  as a r e s u l t  o f  which t h e  v e l o ~ i t y  c o e f f i c i e n t  J, changes.  I n  - 
the regio:' cf  ?'rIf!, va lues  no t  d i f f e r i n g  m a r k e d l y  from w i t h  q, 
d e c r e a s e s  r e d u c t i o n  o f  t h e  t u r b i n e  r o t a t l o n a l  speed .  

i 
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9.3.  Determinat,on o f  Basic Turbine  - Parameters 
i n  Off-Design Regimes 

The c a l c u l a t i D n  o f  t h e  t h r o t t l i n g  and a l t i t u d e - s p e e d  cha rac t ep -  
i s t i c s  of gas  t u r b i n e  eng ines  w i t h  s u b c r i t i c a l  gressure r a t i o s  i n  
t h e  pi 'opulsive nozz le  can  be Rad2 w i t h  adequa te  accuracy only i n  
t h e  case when t h e  compressor and t u r b i n e  c h a r a c t e r i s t i c s  are  a v a i l -  
able.  I n  many c a s e s ,  we can  do without  t h e  t u r b i n e  c h a r a c t e r i s t i c ; ,  
whose c o n s t r u c t i o n  i n v c l v e s  t h e  e x p e n d i t u r e  >I' a l a r g e  amount of  
time, i f  i n  each  engine  o p e r a t i n g  regime W E  can  determine w i t h  ade- 

q u a t e  accuracy  t h e  basLc t u r b i n e  parameLers.  F o r  t h i s ,  i t  i s  neces-  
sary t o  know t h e  d i s t r i b u t i o n  o f  t h e  p r e s s u r e  r a t i o s  between t h e  

t u r b i n e  and t h e  p r o p u l s i v e  nozz le ,  and a l s o  between $he stages o f  
t h e  r m l t i s t a g e  t u r b h t . .  

For  t h e  c a s e  of  s u p e r c r i t i c a l  p r e s s u r e  r a t i o s  i n  t h e  p r o p u l s i v e  
n o z z l e  ( 7 1  

and t h e  p r e s s a r e  ra t id  i:i t n 2  p r o p u l s i v e  nozz le  TI 

where nC = p i / $ H  i~ t:i% o v e r a l l  a i r  compression r a t i o  i n  t h e  eng ine ,  

uEc is t h e  c o e f f i c i - n t  of t o t a l  p r e s s u r e  l o s s  !n t h e  conbustic: ,  

chamber, p i  i s  t h e  compressor e x i t  t o t a l  p r e s s u r e .  

> 1 . 8 5 ) ,  t h ~  prcdsl i re  r a t i o  i n  t h e  t u r b i n e  IT; = c o n c t ,  
Pn .-. 

= n u* / G ! ,  Pn c c c  

2 ; = f ( x , ;  for s u b c r i t i c a l  p r e s s u r e  r a t i o s  i n  t h e  

can  be  found from t h e  c c n d i t i o n  of  e q u a l t i t y  of 
/ 2 2 9  th rough %he t u r b i n e  f i rs t -s tace sta '?r  a n d  the - -- 

e x i t  ( t h r o a t j  s e c t i o n  F - 
P n '  

The r e l a t i o n  
p r o p u l s i v e  nozz le  
t h e  gas  f lowra t2s  
p r o p u l s i v e  nozz le  

-minimal  s t a t o r  flow z e z t i o n  area,  and f r o m  t h e  

e q u a t i o n  of p r e s s u r e  r a t i o  ba i ance  a long  t h e  t u r h i n o  and propul:.ive 
nozz le  flow p a t h .  
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“. .I .  .I. .; 

We have from t h z  f l o w r a t e  e q u a t i o n  

Bearing i n  mind t h a t :  

‘he obta!n 

I I 

The magnitude of  t h e  r e l a t i v e  f low d d n s l t y  a t  t h e  p m p u l s i v c  
nozz le  t h r o a t  s e c t i o n  q ( h  ) r ? ~ i \ r . -  . i s  on t h e  p r o p u l s i v e  nozz le  p re s -  

S U I - ’  , “7 t io  71 
Pn 
= o*  p*/pH 2 1.85 ,  t h e  rela. t . ive flow d e n s i t y  For  71 

Pn Pn Pn 2 

The r e l a t i v e  flow d e n s i t y  a t  t h e  t u r b i n e  f i r s t  s t a g e  . - t a t o r  
t h r o a t  s e c t i o n  q (X_)  i n  a -dide range  o f  e p e r a t i n g  regime vz t r ia t ion  

changes ve ry  l i t t l e ,  and can b e  t a k e n  t c  b e  c o n s t a n t  i n  t h e  c a l c u l a -  
t i o n s  i n  t h e  f i r s t  approximation.  Then, ( 9 . 6 )  car, be w r i t t e n  as :  

3 

whcre 

C a l c u l a t i o ~ ~ s  show t h a t  t h e  i n f l u o n c ?  of  118 on t h e  r e l a t i o n  



i 

With accuracy t o  1 - 1.2%, w e  can 

v a r i a t i o n  ( i n  t_.e range 0.8 - 0.92) on  

.I - -  

n e g l e c t  t h e  I n f l u e n c e  o f  ~IF 
t h e  paramster A .  I n  t he  f o l -  

lowing we shall take %=amst. when de termining  the  parameter  A .  Then, /230 3 
two unknowns remain i n  (9 .7) :  I$ and q(X ) .  Pn 

As the  a d d i t i o n a l  equa t ions  r e l a t i n g  and q(hpn) ,  w e  take equa- 

t i o n  CY' p r e s s u r e  r a t i o  ba lance  i n  t he  t u r b i n e  and p r o p u l s i v e  n o z z l e  
"10 w p a t h  : 

2nd t h e  r e l a t i o n  

(9 .9 )  

Solv ing  (9 .7 ) ,  (9 .8 ) ,  (9 .9)  j o i n t l y  f o r  each g iven  va lue  o f  m C ,  w e  

can determine m$, q(Xpn) and npn i n  t h e  c a s e  o f  s u o c r i t i c a l  p re s -  

s u r e  ratlos jr. t h e  p r o p u l s i v e  nozz le .  

F igure  9.8 shows the  dependence of n$ on q(Xpn) f o r  v a r i o u s  

va lues  o f  nC and C ,  p l o t t e d  us ing  (9 .7 ) ,  ( 9 . 8 ) ,  (9 .9 ) .  

o f  m$ f o r  q (x  

The v a l u e s  

) = 1 (mpn 2 - 1.85)  are denoted by p o i n t s  i n  t h e  f i g u r e .  Pn 

For t h e  known vaJ.ue o f  t h e  parameter C ,  c o n s t a n t  for a g iven  
t u r b i n e  and p ropu l s ive  nozz le ,  we use  F igu re  9.8 t o  de te rmine  fo r  
each va lue  o f  t h e  o v e r a l l  compression r a t i o  nC the gas expansion 

r a t i o  i n  t h e  t u r b i n e  IT$ and the r e l a t i v e  f low d e n s i t y  q(X ), and 

we then  use gasdynamic f u n c t i o n  tables  t o  f i n d  t h e  p r e s s u r e  r a t i o  
ppn/p;, and t h e  gss expansicjn r a t i o  i n  t h e  p ropu l s ive  nozz le  

Pn 

T h e  graph shown i n  F igu re  9.8 was p l o t t e d  f o r  t h e  c o n d i t i o n  o f  

With variatioa af t h e  l o s s e s  
cons t an t  va lues  of  t h e  l o s s e s  i n  t h e  t u r b i n e  and p r o p u l s i v e  nozz le  
f lowpath and c o n s t a n t  va lue  o f  q(Xs).  
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Figure  9 .9 .  R e l a t i v e  
v a r i a t i o n  of  gas  expans ion  
r a t i o s  i n  t h e  t u r b i n e  and 
p r o p u l s i v e  nozz le  as a 
f u n c t i o n  o f  VK-1 eng ine  

compression r a t i o  

and q ( h s ) ,  t h e  va lue  o f  t h e  

c o e f f i c i e n t  C changes w i t h  v a r i -  
a t i o n  or'  IT^, arid t h e  va lues  of 

IT! and q (hpn)  change accord-  

i n g l y .  
F igure  9.8.  Nomogram f o r  de- 
te rmining  p r e s s u r e  r a t i o  d i s f , r i -  
bu t ion  between t h e  t u r b i n e  ?rid F igu re  9 .9  shows t h e  v a r i -  

w i t h  v a r i -  a t i o n s  of y ;  and ;; 

a t i o n  o f  t h e  compression r a t i o  
IT f o r  t h e  VK-1 t t l r b o j e t  engine ,  ob ta ined  as a r e s u l t  o f  c a l c u l a t i o n  

us ing  t h e  aiiovt t echn ique ,  where: 

t h e  p ropu l s ive  nozz le  
Pn 

- 
C 

- 
where T ; . ~  and IT pn.d nT I' T . d '  pn pn pn.d' -* = n = n  /n 

- values  of t h e  gas expansion r a t i o  i n  t h e  t u r b i n e  and i n  t h e  pro- 
p u l s i v e  nozz le  i n  t h e  d e s i g n  regime.  S a t i s f a c t o r y  agreement between 
t h e  t h e o r e t i c a l  and exper imenta l  r e l a t i o n s  :F = f ( ? i E j  and = 

Pn 
f(ii ) i n  t n e  range of  GC v a r i a t i o n s  from 1 t o  0.5 confirms the 

C 

v a l i d i t y  of t h e  adopted assumptions f o r  t h e  g iven  range  o f  v a r i a t i o n  
of ?ic and t h e  g iven  engine .  Good agreement between t h e  t h e o r e t i c a l  

2 8 5  
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I 

,I 

and expe r imen ta l  

o b t a i n e d  f o r  GTE 

r e l a t i o n s  %=f(&) and lip, = f(;ic) has a l s o  been 

w i t h  two-stage and three-stage tu rb i i i e s .  

9.3.2. Div_ision - - - -  o f  p r e s s u r e  --- - rat_ios-bctw_een - - - - - - -  t u r b i n e  
- - - - - - - - - - -  stages and basic tu rb ige_pgramete r s  i n  
of f-d_eEi&n-rt?g&mes - 

- - - - -  

i 
. -4 

I n  the  case of s u p e r c r i t i c a l  p r e s s u r e  r a t i o s  i n  the  p r o p u l s i v e  / 2 1 2  

nozz le  and c o n s t a n t  p r o p u l s i v e  nozz le  t h r o a t  area, 
i n  the t u r b i n e  and i n  t h e  i n d i v i d u a l  s t a g e s  remain 
change o f  the  o v e r a l l  engine  compression r a t i o  oc. 

I n  t he  case o f  s u b c r i t i c a l  p r e s s u r e  r a t i o s  i n  

-- 
t h e  gas expans ion  
c o n s t a n t  w i t h  

t h e  p r o p u l s i v e  
nozz le ,  the  p r e s s u r e  r a t i o s  i n  t h e  p r o p u l s i v e  nozz le ,  t u r b i n e ,  and 
i n d i v i d u a l  t u r b i n e  s t a g e s  w i l l  decrease w i t h  r e d u c t i o n  of  the over-  
a l l  compression r a t i o  vc.  

s c r i b e d  above t o  determine the  p r e s s u r e  ra t io  d i v i s i o n  between t h e  

t u r b i n e  and the  p r o p u l s i v e  nozz le ,  and t h e n  f i n d  the  gas expans ion  
r a t i o  i n  t h e  i n d i v i d u a l  t u r b i n e  stages. 

I n  t h i s  c a s e ,  w e  u se  t he  t echn ique  de- 

The b a s i c  data f o r  t h e  c a l c u l a t i o n  are:  

- t h e  geometr ic  dimensions o f  t h e  t u r b i n e  f lowpath ar.d t h e  

g iven  p r o p u l s i v e  nozz le  e x i t  ( t h r o a t )  s e c t i o n  area; 

- t h e  va lues  o f  t h e  b a s i c  flow parameters  a t  v a r i o u s  sec t i0r . s  
a long  t h e  t u r b i n e  flow p a t h  i n  t h e  des ign  regime; 

- t h e  d i v i s i o n  of the p r e s s u r e  r a t i o s  between t h e  t u r b t n e  and 
t h e  p r o p u l s i v e  nozz le  i n  t h e  regime b e i n g  cons ide red .  

We s h a l l  examine t h e  a n a l y s i s  t echn ique  f o r  t n e  example o f  t h e  
thFee-stage t u r b i n e ,  whose f l o w p a t h  i s  shown I n  F igu re  9 .10 .  
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A. Sequence o f  c a l c u l a -  
t i o n  of p r e s s u r e  
r a t i o  among t u r b i n e  
s tabes 

For the  g iven  va lue  o f  nc,  1. 

we determine t h e  p r e s s u r e  r a t i o  i n  
t h e  las t  two stages "fII+III)st .. - 
p","/p",, and i n  t h e  f irst  s t a ; e ,  

F igu re  9.10. Schematic of  
t u r b i n e  f low pafh 

- */p*", 
"?.st - Po 2 

From t h e  e q u a t i o n  o f  flowrPf,e through t h e  second-stage s t a t o r  / 2 3 3  
and the p r o p u l s i v e  nozz le  e x i t  s e z t i o n  ( t h r o a t ) ,  w e  o b t a i n :  

( 9 . 1 0 )  

I n  the  fzrst a p p r o x i n a t i o n  i n  a comparat ively wide range  o f W c  

v a r i a t i o n ,  the  t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t s  o* and and 

the r e l a t i v e  flow d e n s i t y  q(hs)II i n  t h e  second-stage s t a t o r  can be 

cons ide red  c o n s t a n t  and equa l  t o  t h e i r  v a l u e s  i n  t h e  des ign  regime. 

Pn 

S ince  i n  t h e  des ign  regimes,  t h e  p r e s s u r e  r a t i o s  i n  t h e  t u r b i n e  
s t a g e  s t a t o r s  are c r i t i c a l  o r  n e a r l y  s o ,  f o r  a small d e c r e a s e  o f  t h e  
pressure r a t i o s  i n  t h e  s t a t o r s ,  t h e  f u n c t i o n  q(Xs) w i l l  remain 

p r a c t i c a l l y  c o n s t a n t .  

c r i t i c a l  va lue  by lo%, q ( h s )  d e c r e a s e s  by less t h a n  1%. 

For  example, wi th  r e d u c t i o n  o f  ns from i t s  

Then, 
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- For the  va lue  of  q ( h  ) known from p e v i o u s  c a l c u l a t i o n ,  we can  +. Pn B 

u s e ( 9 . 1 1 ) o r  F igu re  9.8 t o  de te rmine  t h e  gas  p r e s s u r e  r a t i o  i n  t h e  
last  two stages m t I I + I I I ) s t ,  and t h e n  i n  the f i r s t  s t a g e  ?rgt = 

w?LI+III)st 

2. We determine  t h e  p r e s s u r e  r a t i o  i n  the  t h i r d  stage. 

We assume i n  the  f i r s t  approximation t h a t  a* and (crF)III are con- Pn 
s t a n t  and equa l  t o  t h e i r  v a l u e s  i n  the  des ign  regime. We take the 2 

P. 

parameter  q(As)Ilx t o  be approximately c o n s t a n t  o r  e v a l u a t e  i t  w i t h  

t h e  a i d  o f  a n  a v a i l a b l e  similar t u r b i n e  c h a r a c t e r i s t i c .  Then, we 
use  the equa t i cn :  

n 

n;rr s d/' -[I -(-+)qCt,d= %3 t 
8 Ppi--%pn)- 

= % n -  = CJ/t9 ()or); 
. . (Q's.b,, (Fs )/I1 q(Ash (9 .12)  

o r  t h e  nomog=.am of F i g u r e  9.8 t o  de te rmine  the  p r e s s u r e  r a t i o  I n  /2 34 
the t h i r d  s t a g e  fPII.st.  

3 .  We determine  t h e  gas expansion r a t i o  i n  t h e  t h i r d  s t a g e  
based on t h e  s t a g e  i n l e t  t o t a l  p r e s s u r e  and t h e  s t a g e  e x i t  s t a t i c  
p r e s s u r e .  
t h e  f l o w r a t e  equa t ion :  

To t h i s  end, we de termine  q(X2)I I I  a t  t h e  s t a g e  cxit from 

PPn 
9 ( ~ / 1 = 3  ;,737;;O(%n) 9 

where (F,),rr==(F,)Irl(sin a&,/ [ f o r  %=80-- ~ ~ e ( F , ) n ~ = ( F & l r  1 , and t h e n  a(& 

and 9 I I . s t  - - " h s t  / ~ ( A 2 ) 1 1 1 *  
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4 .  We determine  by s u c c e s s i v e  approximat ions  the  change o f  
q(As)I,.I w i t h  change of m I I I e s t  i n  comparison wi th  i t s  va lue  i n  t h e  

des ign  regime*. For t h i s ,  we determine  t h e  parameter  

c 

J 

where 

0.5 1 e cr .0)  
A =  

est .d  

k - 1  - k - 
s t . d  "5t.d e 

- stage r e a c t i o n  cor responding  t o  t h e  c r i t i c a l  p r e s s u r e  'cr.d 

- ecr - f o r  r e a c t i o n  pd = 0.3.  
r a t i o  i n  t h e  p r o p u l s i v e  nozz le ;  

- e cr .0  

For t h e  known va lue  of  nIII.sty c a l c u l a t e d  f o r  t h e  p rev ious ly  

assumed value  o f  q ( A s ) I I I y  we de te rmine  t h e  parameter  A(ns t  - l), 
and t h e n  use  F igu re  9 . 1 1  t o  f i n d  [s(As)] 2 and t h e  new va lue  of - 

9 ( h s  h = 4 , ; , 9 ( ~ s  

We r e f i n e  t h e  va iue  o f  t h e  c o n s t a n t  CIII and use  F igu re  9.8 t o  

determine the  new va lue  o f  T* IIImst' and then  m I * * . s t P  and so on, 

u n t i l  re f inement  of q(As)III does n o t  lead t o  s i g n i f i c a n t  change of 

. Usual ly ,  two or th ree  approximat ions  s u f f i c e .  %I. s t  

5. We de termine  t h e  p r e s s u r e  r a t i o s  i n  t h e  second s t a g e .  

* 
R e f i n e m a t  of  q(hs)III i s  made on ly  f o r  a s i g n i f i c a n t  change of 

1II.st' n 

t 



1 1 

From t h e  f low t o t a l  parameters ,  

1 2  35 Y 

i I n  accordance w i t h  t h e  f l o w r a t e  e q u a t i o n ,  we de termine :  

From t h e  gasdynamic f u n c t i o n  t ab le s ,  W E  f i n d  st(&),, , and then  
= nt 

?I.st I1 .st'"(h2)II: 

6 .  We de termine  0%)~' a t  t he  f i r s t - s t a g e  e x i t :  

1 .  X 

c 

From t h e  t ab le s ,  we f i n d  n(he)r , and t h e n  

7. From the  values of nZt ,  nst, and q ( h s )  known from t h i s  

c a l c u l a t i o n ,  we de termine  f o r  each stage t h e  gas p r e s s u r e  r a t i o s  i n  
t h e  s t a t o r  and r o t o r :  

where 

- s t a g e  i n l e t  t o t a l  p r e s s u r e ;  P L t  
p1 - s t a t o r  e x i t  s t a t i c  p r e s s u r e ;  
p 2  - s t a g e  e x i t  s t a t i c  p r e s s u r e  
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F i g u r e  9.11 R e l a t i v e  change 
o f  s q u a r e  of f l o w  d e n s i t y  i n  
t h e  p r o p u l s i v e  nozz le  as 
f u n c t i o n  o f  gas  expansion 

r a t i o  in  the t u r b i n e  

F i g u r e  9.12. D i v i s i o n  o f  
p r e s s u r e  r a t i o s  between 
stages o f  m u l t i s t a g e  t u r -  
bine i n  o f f -des ign  regimes 

F i g u r e  9.12 shows t h e  r e s u l t s  of  c a l -  
c u l a t i o n  o f  the d i v i s i o n  o f  t h e  p r e s s u r e  
r a t i o s  between t h e  stages o f  a t h r e e - s t a g e  
t u r b i n e  as a f u n c t i o n  of t h e  change o f  
t h e  o v e r a l l  gas expansion ra t io  i n  t h e  
t u r b i n e  TI. We see t h a t  w i t h  change of  I$ 

Figure  9.13. D iv i s ion  
o f  a r e s s u r e  r a t i o s  be- by 40%, t h e  p r e s s u r e  r a t i o  3n t h e  f i r s t  

s t a g e  and i n  i t s  elements  remains p r a c t i -  tween p r o p u l s i v e  noz- 
z l e  and r o t o r  i n  t h e  
s t a g e s  of a m u l t i s t a g e  c a l l y  unchanged. I n  t h e  second and t h i r d  

s t a g e s ,  t h e  p r e s s u r e  r a t i o  d e c r e a s e s  w i t h  t u r b i n e  i n  o f f -des ign  
regimes dec rease  o f  m?,  and t h e  most marked p res -  

s u r e  r a t i o  change takes place i n  t he  t h i r d  s tage.  

I n  accordance w i t h  t h e  v a r i a t i o n  of n & ,  t h e r z  i s  change o f  t h e  

p r e s s u r e  r a t i o s  i n  t h e  s+ ,a tor  and r o t o r  ( F i g u r e  3.13). 

From t h e  known d i v i s i o n  o f  t h e  p r e s s u r e  r a t i o s  i n  t h e  t u r b i n e  
s t a g e s  and In  t h e i r  e lements ,  we can determine t h e  k inemat ic  para-  
meters  of  t h e  stages and t h e i r  e f i ’ i c i e n c i e s  i n  t h e  o f f -des ign  
regirnes. 



I ~ .. . .. . . . . . 

8. Calculation of turbine stage kinematic 
parameters and efficiencies in off- 
design regimes 

We shall examine one of the possible analysis techniques, in 
which the basic data for the calculat'on are: 

- the turbine Inlet gas flow total parameters; 

- the division of the pressure ratios between the turbine 
stages and their elements, calculated using the technique presented 
above ; 

- the turbine rotational speed (or circumferential velocity). 

f 

h 

f 

In this case, the calculation of the paramefers in the first 
and following stages is made in the following sequence. 

1. Using the knownvalue of n ( h s )  and the .gasdynamic function 
tables, we determine X1 c.ad. 

2. We estimate the stator velocity coefficient $ .  For the 

'd first stages, we can take Q = 

'de find the reduced velocity: 

L p I h . d '  

3 .  We find the stator exit static pressure: 

PI-&&? ah 1 ; 

the stator exit velocity 

the stator exit flow angle 

ar=Q1p+bQI 

k 
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where %==a& - ; (3 
Aa - flow d e v i a t i o n  a n g l e ,  found from t h e  graph of h = f ( % M i ) ,  

presented i n  F igu re  5.5. 

4. We de termine  the  s t a t o r  e x i t  c i r c u m f e r e n t i a l  and a x i a l  
v e l o c i t i e s  : 

c,==c,coscr;; t+,pclsinq;.  

the  r o t o r  i n l e t  and e x i t  c i r c u m f e r e n t i a l  v e l o c i t y  

t he  c i r c u m f e r e n t i a l  comaonent of t h e  r e l a t i v e  v e l o c i t y  a t  t h e  
r o t o r  i n l e t  

s,=b--ar: 

t h e  r e l e t i v e  v e l o c i t y  a t  t h e  r o t o r  i n l e t  

t h e  flow ang le  in t h e  r e l a t i v e  motj n a t  t h e  r o t o r  i n l e t  

5. We f i n d  t h e  gas  t o t a l  t-empemture a t  t h e  r c t o r  i n l e t :  

t h e  reduced r e l a t i v e  v e l o c i t y  a t  t h e  r o t o r  i n l e t  

t h e  gas  t o t a l  p r e s s u r e  a t  t h e  r o t o r  i n l e t  

t 



4 

6.  We f i n d  the  gasdynamic 

tables ,  w e  r’lnd h2 wead;  

t he  a n g l e  o f  a t t a c k  a t  t h e  

f u n c t i o n  -nd then  from t h e  
ptr 

r o t o r  i n 1  e t  

-- i s  the  d e s i g n  flow a n g l e  a t  t h e  r o t o r  i n l e t  i n  t he  1 P  
where I3 

d e s i g n  regime. 

, and t h e n  I 7. We f i n d  the r e l a t i v e  parameter?== 
(BdW ( h e  4- fhd 

f r o m  the graph o f  (p/gp==f(S) , shown i n  F igu re  9.6, we de termine  p b .  
ana t h e  v e l o c i t y  coe ; f i c i en t  .*E(@/%)6 *. 

8. We f i n d  the  reduced v e l o c i t y :  

t h e  r o t o r  e x i t  f low a n g l e  

where +adnap; 
A B  - flow d e v i a t i o n  a n g l e  i n  t h e  r o t o r  cascade  (found from t h e  

graph of  F igu re  5 . 5 ) ;  

t n e  c i rcumferentFa1  and a x i a l  ccmponents of t h e  reduced 

&-&COS&; a.,,==A,.sinBt; 

v e l o c l t y  * 
tlie s t a g e  e x i t  f low a n g l e  

-. -- 
8 

The graph of *bs fg )  I s  t ten from C81. 
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9 .  We determine t h e  reduced v e l o c i t y  a t  t h e  s t a g e  e x i t :  

- bw*ln& ; by- Inor, 

t h e  stage e x i t  s t a t i c  p r e s s u r e  A"&&? ; 

t he  t u r b i n e  s t a g e  r e a c t i o n  

1 0 .  We determine  t h e  t u r b i n e  stage e f f i c i e n c y :  

adiabat Ic  e f f i c i e n c y  

e f f e c t i v e  e f f i c i e n c y  

1 

t u r b i n e  stage a d i a b a t i c  e f f i c i e n c y  based on t o t a l  parameters 

11. We determine  t h e  t u r b i n e  s t a g e  work: 

t h e  t u r b i n e  s t a g e  e x i t  t o t a l  temperaturae 

The b a s i c  parameters  of t h e  second and fo l lowing  stages a re  calclalatzr :  
i n  an  analogous seguc-ce.  We t h e n  de termine  t h e  e f f i c i e n c y  of  t h e  
e n t i r e  m u l t i s t a g e  t u r b i n e :  

t 

/239 
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J-.. . "I 
T h i s  t echn ique  can  be  used t o  f c rmula t e  a d i g i t a l  c m p u t e r  

c a l c u l a t i o n  program. 

9.4. Example o f  Turbine Parameter Cal.cCLat?on - 
i n  Off-Design Regimes 

A s  an  example, we sha l l  deterc ' re  the b a s i c  parameters  of a 
s i n g l e - s h a f t  three-stage t u r b i n e  i n  v a r i o u s  regimes of  Its o p e r a t i o n  
i n  a turboprop  engine  wi th  r e g u l a t i m  program: r o t o r  speed n = c o n s t ,  
engine  e x i t  ( p r o p u l s i v e )  nozz le  area F = c o n s t ;  p r o p e l l e r  blade 
s e t t i n g  a n g l e  + = v a r .  

Pn 
P 

With t h i s  regu.bation program, t h e  o p e r a t i n g  regime o f  t h e  t u r -  
b i n e  and o f  t he  engine  as a whole can b e  changed by va ry ing  t h e  t u r -  
b ind  1oc.ding by va ry ing  + and also by vary ing  t h e  f l i g h t  speed 
and a l t i t u d e .  

P' 

I n  tf,;la example, we sha l l  l i m i t  crurselves t o  examining v a r i a t i o n  
of the  b a s i c  t u r b i n e  parameters  by v a r y i n g  the  p r o p e l l e r  blade s e t -  
t i n g  a n g l e  f o r  t h e  c a s e  o f  engine  o p e r a t i o n  on the  s t a n d  ( w i t h  

H = 0 ,  V = 0 ) .  

Ti. b a s i c  d a t a  f o r  c a i r u i . e t i . j n  o f  t h e  t u r b i n e  parameters  a r e :  

1) geometr ic  dimensions o f  the  t u r b i n e  f low p a t h  and e x i t  n c z z l c ;  
2 )  b a s i c  t u r b i n e  parameters  i n  t h e  des ign  regime; 
3 )  compressor c h a r a c t e r i s t i c  w i t h  l i n e s  TE/Ti  = c o n s t ,  where T8 

is  t h e  t u r b i n e  i n l e t  gas tempera ture ,  T i  i s  t h e  engine  i n l e t  t o t a l  

temperatcre. 

The geometr ic  dimensions and b a s i c  paivameters of  t h e  t u r i i n e  In 
the  des ign  regime ar'2 shown i n  Tab le  9.1.  
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TABLE 9.1.  

Parameter 

~~ 

Stage e x i t  f low - s e c t i o n  - area Fa, m4 

S t a t o r  t h r o a t  area F,, m2 
Tfp speed = u 2 ,  m/s - ~ H 

Angle alp 
Angle B Z P  
Angle B,, 

. S t a t o r  v e l o c i t y  c o e f f i c i e n t  4 ' " 

Rotor  v e l o c i t y  c o e f f i c i e n t  J, 
Reduced v e l o c i t y  A,, c 

* - 

I 

Stage 

* 
T r a n s l a t o r ' s  no te .  Commas i n  numbers r e p r e s e n t  

decimal  p o i n t s .  

2 The e x i t  nozz le  area and v e l o c i t y  c o e f f i c i e n t  are E' = 0.21 m , 
Pn 

= 0.97. I n  a d d i t i o n ,  f o r  t h e  assumed engine  r e g u l a t i o n  program 

wi th  given c o n s t a n t  r o t o r  speed,  we know the t u r b i n e  i n l e t  gas  tern- 
p e r a t u r e  TfS dependence on t h e  o v e r a l l  gas expansion r a t i o  i n  t h e  

t u r b i n e  and e x i t  nozz le .  

$Pn 

We make t h e  c a l c u l a t i o n  i n  t h e  followin;; sequence. 

1. We determine t h e  p r e s s u r e  r a t i o  d t v i s i o n  between t h e  t u r b i n e  
and t h e  p ropu l s ive  nozz le  i n  t h e  va r ious  t u r b i n e  o p e r a t i n g  regimes 
( s e e  s e c t i o n  9 .3 .1 ) .  

a )  We determine t h e  parameter: 

where ( o ! ) ~  = 0.965 and q ( h  )I = 0.92C4 are found from t h e  v a l u e s  of 

$I and ( A  'I i n  t h e  des ign  regime; 
3 

1 C ' I  
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5.76 

5.36 
1,015 
0.489 
a.13 

1.71s 
0,925 
1.57 

1,995 

0,556 
1,700 
0,4940 
2.12 
0,378 
1,780 
0,910 
1.m 
1,240 
0,9894 
1,70 
1,247 
1,423 
1,144 

1 
i 

I 5.28 I Q.0 

4.96 4.73 
1,063 1,068 
0.455 0,- 
2.89 2.76 

1,712 1.71 
0,914 0,906 
I .% 1.50 

1.m 1.84 

0,518 0.4% 
1,850 ),!is 
0,4700 0,- 
1.98 1.94 
0.377 0.811 
1.773 1,770 
0,908 0,905 
1.435 1,435 
1,235 1.291 
0,9830 0,8800 
1.65 1.a 
l,#n, 1,194 
1.400 1.38s 
1,071 1,- 

I 

6.275 
1,100 
0.564 
3.67 

1,720 
0,9450 
1.n 
2.075 

0.6$1 
1.980 
0.5165 
2.22 
0,378 
1,785 
0,9204 
1,440 
1,240 
0,9894 
1.70 
1,306 
1,473 
1,337 

i 

5.90 
1,091 
0.538 
3.48 

1.720 
0.9400 
1.69 

2.060 

0.613 
1,870 
0,5150 
2 . a  
0.378 
1,185 
0,9204 
1,440 
1,240 
0,9894 

1,,70 
1.294 
1,460 
1.270 

b) From F i g u r e  9.8 for CI = 9.12, and t h e  va lues  o f  t h e  gas 

expansion r a t i o  nd = IT 

0 .96 ,  w e  de te rmine  the gas expans ion  r a t i o  i n  t h e  t u r b i n e  nt and t h e  

va lue  of q(X > i n  t h e  p r o p u l s i v e  nozz le .  We summarize t h e  c a l c u l a -  Pn 
t i c n  r e s u l t s  i n  T a b l e  9 .2 .  

a* used f o r  t h e  c a l c u l a t i o n ,  where azc = c c c  

* 
TABLE 9 . 2 .  

1 Gas expans ion  r a t io  fn Parameter 

6.58 
1.110 
0.588 
3.86 

1,723 
0.9456 
1 ,ss 
2;oBj 

0.67 
2.095 
0,5170 
2,228 
0.m 

0,9204 
1.410 
1,240 
0,9894 
1 ,m 
1,310 
1,475 
1.420 

1,785 

-- 
6.91 16.53 

I 

1c 
T r a n s l a t o r ' s  n o t e .  Commas i n  numbers 

r e p r e s e n t  decimal  p o i n t s .  

2 .  We determine t h e  pi 'essure  r a t i o  d i v i s i o n  between t h e  t u r b i n e  
s t a g e s  (see s e c t i o n  9.3.2.A). 
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1 I .  

a )  The p r e s s u r e  r a t i o  i n  t h e  last  two s t a g e s .  

We f i n d  the  parameter :  

and then ,  from F i g u r e  9 . 8  f o r  the  g iven  va lue  of CII and t h e  pre- 

v i o u s l y  o b t a i n e d  v a l u e s  of  q(X ) , w e  f i n d  mfII+III)st. . Pn 

S ince  i n  the f irst  and second s t a g e s  t h e  q u a n t i t y  q(As) remains 

c o n s t a n t  o r  v a r i e s  l i t t l e  o v e r  a wide range  o f  ?id v a r i a t i o n ,  t h e  

parameters  CI and CII are t aken  t o  be  c o n s t a n t  f o r  these stages i n  

the cons idered  range  o f   IT^ v a r i a t i o n .  

b )  We de termine  the  p r e s s u r e  r a t i o  i n  t h e  first stage: 

c )  We determine  the p r e s s u r e  r a t i o  i n  t he  t h i r d  s t a g e .  

I n  the  f i r s t  approximation,  w e  2:tzzrmine the  parameter: 

and then ,  from F igure  9.8 f o r  t h e  va lues  of md assumed i n  t h e  ca l cu -  

l a t i o n  and t h e  kr,own va lues  o f  q(A ), we f i n d  I T T ~ ~ . ~ ~ .  Pn 

l7 

1. 

i 

1) 

t 

We determine  q ( h 2 )  a t  t h e  t h i r d  s t a g e  e x i t :  

and then ,  
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f 

We use successive approximations to determine the change of 

(4(As)III, and refine the values of rFII.st and "1II.st' 

In the example considered, two approximations were sufficient. 

d )  We determine the pressure ratio in the third stage in terms 
of total parameters: 

e) We use the above technique to determine .9(b)11 and q(A4)t,  

and "Lst' and theii nII.st 

In determining the pressure ratio division in the turbine and 
determining the parameter 4(%) it 2s convenient t- use the graph of 
n+*=f(A) constructed from the expression 

for various values of q,*=~m;O.!%. 

We summarize the calculation r-\sults in Table 9.2. 

3 .  We use the technique described above (see section 9.3.2) t o  

determine the pressure ratios I n  the stator and rotor from the known 
vGlues of wSt, wSt, q ( h s )  for each stage. i 

4. :fe use the technique described above (see 9.3.2.B) to cal- 
culats the kinematic parameters in the turbine stzges at the mean 
diameter, and determine the efficiencies of  the individual stages 
and of the entire turbine. We summarize the calculation results 
in Table 9 . 3 .  

b. 



1 I ! i 
I 

I t 
i 
I 

d 

TABLE 9.3- * 
c 

Gas Expansion ratio TTP .-. 
7.80 16.91 16.58 16,s I Sa% I 5.S I S.0 Parameter 

i 

First stage 
. I  

1 .e4 
0,781 
0.95 
0,741 
1050 
432 
I8 
410 

B . 5  
76 

159.3 

B035 

949 

957 

0 ,248 

0.182 

-40% 

4,019 

1.003 
0.948 
0,616 
0,570 
0.235 

0.575 

0,596 

98'20 

D.897 
0,840 

0,888 

1.44 
0,781 
0 , s  
0,741 

'196 
980 
18 
881 

111,s 
27 

120 

76-00' 

?a6 

74!2 

0,236- 

0.782 

-0.m 

1.008 
0,950 
0,619 
0,572 
0.236 

0.653 

0,878 

114% 

0,698 
0,846 

0,891 

f 
k 

ozorrctg- os am-- 
=crz 

qad.st 
lls t 
3st 
0 

f 

Y 

(Table continued on fo l lowing  page) 



TABLE 9.3.  (continued) 

T;,=T, -I-- 4 
2310' 
-1 

18.15 
AI. = 

G-as expansion ratio xP Parameter 
7.30 I 6.91 I 653 16.15 I 5.n I 5.28 I 6.0 

1067 

0.438 

Second stage 

. .  ..- I 

( T a b l e  c o n t i n u e d  on fc'lowing page) 

I 

! t i 



1 I 
I 

I 
* I 

TABLE 9.3. (continued) 

- .  Gas expans ion  ratio wD Parameter ..- 
I .  15 

- 
7.30 16.91 

\ 

72"14' 88°00' 

0.899 0.907 
0.812 0.828 

0,686 0.900 

p' 

m '  7&3 

T h i r d  stage 
I ,'160 
1,774 

),W 
1,760 

680 

360 
!BO25 ' 

317 
171 

-24 

:73 

B042' 

624 

637 

1,378 

1,718 

-17.22' 
- -  - h p -  B1 I 1'14' 1 

i 

(Table concluded on following page) 
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TABLE 9.3.  (ccnc luded)  
Gas expansion r a t i o  mD 

Parameter  >'.. 

5.91 

<.' 

* 
T r a n s l a t o r ' s  n o t e .  Commas i n  numbers r ep re -  

s e n t  decimal p o i n t s .  

3 < We s e e  from t h e s e  t a b l e s  t h a t  t h e  d i v i s i o n  o f  t he  o v e r a l l  pres- 1247 , 

Y 
s u r e  r a t i o  ntE i n  t h e  t u r b i n e  between t h e  i n d i v i d u a l  stages,  o b t a i n e d  { 

f 
4 
i as a r e s u l t  o f  t h e  c a l c u l a t i o n ,  h a s  t h e  same n a t u r e  as t h a t  shown i n  

F i p w e  9.12. With dec rease  of  ntE from 6.58 t o  4 . 7  (about  3C%), t h e  

p r e s s u r e  r a t i o  i n  t h e  f i r s t  s t a g e  and i n  i t s  e lements  does no, change. 
? 

I n  t h e  second s t a g e ,  rzt dec reases  by  1241, ar.d i n  t h e  t h i r d  s t a g e  - 
by 19%.  There  i s  a cor responding  r e d i v i s i o n  o f  t h e  p r e s s u r e  r a t i o  /24? 
i n  t h e  s t a to r  and r o t o r s  of  t h e  l as t  s t a g e s .  

1 
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I 

C a l c u l a t i o n  of t h e  k inemat ic  parameters  and e f f i c i e n c i e s  of 
the  i n d i v i d u a l  stages and of t h e  t u r b i n e  as a whole showed t h a t ,  i n  
t he  c a s e  o f  t u r b i n e  o p e r a t i o n  i n  t h e  tu rboprop  engine  s y s t e m  wi th  

r e d u c t i o n  of  and cor responding  r e d u c t i o n  o f  t h e  t u r b i n e  i n l e t  gas  

t empera tu re  (when the engine  i s  t h r o t t l e d ) ,  there Is marked r e s t r u c -  
t u r i n g  of t h e  flow i n  t h e  t u r b i n e  stages. p a r t r c u l a r l y  i n  the las t  
stage. 

t h e  engine  power i s  t h r o t t l e d  ( w i t h  r e d u c t i o n  of  m F z  and TE w i t h  n = 

c o n s t ) ,  t he  e f f i c i e n c y  o f  t he  las t  t u r b i n e  stage chznges most markedly .  
For example, w i t h  r e d u c t i o n  o f  ? r I c  from 6.58 t o  4.7, t h e  t h i r d - s t a g e  

e f f i c i e n c y  d e c r e a s e s  from 0.874 t o  0.240, wh i l e  t h e  second-stage 
e f f i c i e n c y  d e c r e a s e s  t o  0.853, and t h a t  f i r s t  stage e f f i c i e n c y  - t o  
0.880. T h i s  marked r e d u c t i o n  o f  t h e  e f f i c i e n c i e s  of t h e  l a s t  s t a g e  
and of t h e t u r b i n e  as a whole when t h r o t t l i r  . t h e  engine  ( f o r  small 
?r* Tt, and rl = const) can be prevented  by u s i n g  r e g u l a t i o n  of t h e  

last-stage s t 3 t o r  var.es. 

Comparison o f  t he  dependences of nEt  on ?r$z shows t h a t  when 

TC ' 
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1 I I I . .. 

J 
TABLE 11.2.  PHYSICAL PARAMETERS OF DRY A I R  AT 

PWSSURE p = 100 kPa (735.5 mm Hg)* 
J 

5 
'r 

* 
Trans la to r ' s  nc t e .  Commas i n  numbers repre-  

s e n t  decimal po in t s .  

APPENDIX 111 

COOLED TURBINE BLADES FOR AIRCRAFT ENGINES 

Figure 111.1 shows t h e  cool ing  scheme f o r  r,he t u r b i n e  stages of  /256 
t h e  PWA JTgD twin-spool bypass  engine.  The t u r b i n e  i n l e t  gas  tern-- 
peratui-e o f  t h i s  engine i s  1 4 4 3  K .  The t u r b i n e  has cooled first- 
s t age  s t a t o r  vanes 4 and r o t c r  blades 5, and sesond-stzge s t a t o r  
vanes 6. 

P 

The a i r  3 i s  ex t r ac t ed  downstream of  the  compressor 1: flows 
around t h e  ou t s ide  of t h e  flametube, and j? used t o  cool  t h e  t u r b i n e  
f i rs t -s tage s t a t o r  vanes 4 and second-stage s t a t o r  vanes 6 .  The a i r  
i s  exhausted from t h e  V a l -  ao l ing  passages i n t o  t h e  flow p a t h  
through s l o t s  a long  t h e  e n t i r e  length  of  %ha  t r a i l i n g  edge. 
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I This  same a i r  i s  fed t o  
t h e  t u r b i n e  first-stage rotcjr  
blades 5 af te r  f lowing  ove r  
t h e  i n n e r  s u r f a c e  of t h e  flame- 
t u b e .  After c o o l i n g  t h e  r o t o r  
blades, t h e  a i r  is  discharged 
from radial passages  l o c a t e d  
i n s i d e  t h e  blades through the  

blade t i p  i n t o  the radial 
c l e a r a n c e  and t h e n  i n t o  t he  
t u r b i n e  flow p a t h .  A i r  t a k e n  
from a compressor i n t e r m e d i a t e  
stage f lows through t h e  c a v i t y  2 
t o  c o o l  t he  last  t u r b i n e  stage 
r o t o r s .  

The f i r s t - s t a g e  s t a t o r  vanes 
1 (F igure  111.2) are made from a 
cobal t -base  c a s t i n g  a l l o y .  The 
s t a t o r  vane l e a d i n g  edge 2 i s  
cooled  by a i r  j e t s  which come 

P i  gu re  111.1. JTgD engine  t u r b i n e  

7 

- 
. -  - .. . 

-:- - 

through the  h o l e s  4 from t h e  de- F i g u r e  111 .2 .  JTgD t u r b i n e  
f l e c t o r  3 l o c a t e d  i n s i d e  the  blade, 
and impinge on the  i n n e r  s u r f a c e  
of t h e  vane. The d e f l e c t o r  i s  a c a s t i n g  w i t h  t he  s e a t i n g  band 5 and 
p r o t r u s i o n s  on the  s u r f a c e ,  whose he igh t  de te rmines  t h e  c l e a r a n c e  be- 

tween t h e  d e f l e c t o r  and t h e  i n n e r  s u r f a c e  o f  the  vane. These same 
p r o t r u s i o n s  improve convec t ive  heat t r a n s f e r  e f f e c t i v e n e s s  by c r e a t -  
i n g  t u r b u l e n t  a i r  f low.  

first-stage s t a t o r  vane 

The vzne t r a i l i n g  edge is cooled by a i r  coliling from t h e  i n n e r  
c a v i t y  o f  t h e  d e f l e c t o r  through t h e  cont inuous  s l o t  8 and d i s c h a r g i n g  
from t h e  s l o t s  6 l o c a t e d  on the concave s ide  of t h e  vane n e a r  t h e  

t r a i l i n g  edge. Holes 7 are provided on t h e  back side o f  t h e  vane 
nea r  t h e  l e a d i n g  edge f o r  c o o l i n g  a i r  discharge i n  o r d e r  t o  c r e a t e  
f i l m  c o o l i n g  o f  t h e  back of t h e  vane, and t h u s  improve t h e  c o o l i n g  
of  t h e v a n e  p r o f i l e  segment which i s  most h i g h l y  loaded  by t h e  gas 

I 

t 
i 

i 
’3 
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f o r c e s .  Th i s  c o o l i n g  s y s t e m  p rov ides  p r a c t i c a l l y  uniform v a n e c r o s s  
s e c t i o n  tempera ture .  

The second-stage s t a t o r  vane (F igu re  111.3) w i th  t h e  i n s e r t e d  
i n n e r  d e f l e c t o r  4 is  made from a n icke l -base  c a s t i n g  a l l o y .  The 
second-stage s t a t o r  i n l e t  gas t empera tu re  i s  160° lower t h a n  tha t  of 
t he  first stage. The vane is  cooled  c o n v e c t i v e l y  by j e t  impingement 
i n  the  l e a d i n g  edgz r e g i o n  1, and by f i l m  
c o o l i n g  i n  the  t r a i l i n g  edge segment 3 .  

The first-stage r o t o r  blade (F igu re  
111 .4)  i s  a l s o  made from a c a s t i n g  a l l o y .  
Blade c o o l i n g  i s  convec t ive .  The c o o l i n g  a i r  
e n t e r s  t h e  r o o t  1, and t h e n  t h e  three- .mssage 
c o o l i n g  sys tem 2 o f  t h e  p r o f i l e d  p a r t  o f  the 

b lade .  

After f lowing  througl, t he  radial  
passages, t h e  a i r  i s  discharged i n t o  
t h e  radial  clearance from t h e  blade 

t i p  3.  Local  pro tuberances  4 a r e  
provided a% t h e  i n l e t  t o  the  c e n t r a l  
passage t o  cause  t u r b u l e n t  f low and 
the reby  i n t e n d 0  t h e  heat t r a n s f e r .  
Long i tud ina l  r i b s  5 are  provided  on 
t h e  s i d e  walls o f  t h i s  passage, and 

F i g u r e  111.3.  JT9D 
eng ine  t u r b i n e  sec- 
ond z t a g e  sta' ,or 

vane 

t h e y  a l s o  i n t e n s i f y  t he  heat t r a n s f e r  F igu re  1 1 1 . 4 .  JTgD engine  
t u r b i n e  f irst-stage s t a t o r  

blade and i n c r e h s e  t h e  c o o l i n g  s u r f x e  area. 

F i g u r e  111.5 shows t h e  changes made i n  t h e  cooled  b l a d e s  produced 
by PWA i n  t h e  cour se  of  s e v e r a l  years. T h i s  f i g u r e  shows tha t  b l ades  

w i t h  pu re ly  convec t ive  c o o l i n g  permit  t u r b i n e  i n l e t  gas  ternperdtures  
up t o  1 4 7 0  K (see F igure  I I I .5a) ,  blades w i t h  pu re ly  convec t ive  coo l -  
i n g  and j e t  impingement o f  t h e  a i r  on t h e  i n n e r  surface o f  t h e  l e a d i n g  
edge (see F igure  I I I . 5 b )  p e r m i t  t empera tu res  from 147G t o  1570 F ,  
and b l ades  w i t h  convec t ive  and f i l m  c o o l i n g  o f  t h e  l e a d i n g  and 
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t r a i l i n g  edges (see F i g u r e  
1 1 1 . 5 ~ )  permi t  t u r b i n e  
i n l e t  gas t empera tu res  up 
t o  1670 K .  

F igu re  111.6 shows 
t h e  scheme f o r  c o o l i n g  
t h e  first stage of t h e  

h igh-pressure  t u r b i n e  of 
t he  Rolls-Royce RB-211 
bypass  engine ,  i n  which t h e  
t u r b i n e  i n l e t  gas tempera- 
t u r e  i s  1480 K, and a l s o  
shows the  d e s i g n  of t h e  

cooled r o t o r  blade o f  t h i s  

s t a g e .  

The f i g u r e  shows t h e  

s u i d e  vanes 1 of  t he  pre-  
s w i r l  cascade  usad t o  impart  
a c i r c m f e r e n t i a l  v e l o c i t y  
component i n  t he  d i r e c t i o n  
of wheel r o t a t i o n  t o  the  

coo l ing  a i r  e n t e r i n g  t h e  

. -  a 

F i g u r e  111.5. Modi f i ca t ion  of PWA 
blades 

F igure  111 .6 .  Rolls-Royce eng ine  
t u r b i n e  f irst-stage c o o l i n g  scheme 

r o o t  p a r t  of  the r o t o r  b l ade .  T h i s  reduces  t h e  c o o l i n g  a i r  t o t a l  
p r e s s u r e  l o s s e s  d u r i n c  e n t r y  i n t o  t h e  r o t o r  b lade  and reciuczs t h e  
c o o l i n g  a i r  temperature. The r o t o r  bladc is cooled  c o n v e c t i v e l y ,  and 
io made from a c a s t i n g  a l l o y .  J e t  impingement o f  t h e  a i r  through the  

s l o t  2 i n  t h e  cast  i n n e r  d e f l e c t o r  3 is used t o  improve leading edge 
coo l ing ,  aad l o n g i t u d i n a l  r i b b i n g  o f  the  in l i e r  s u r f a c e  i s  used  ir ,  t h e  
c e n t r a l  par t  o f  the  b lade .  The a i r  d i s c h a r g e s  through t h e  s l o t s  4 
a long  t h e  t r a i l i n g  edge I n t o  t h e  turbi .ne flow p a t h .  

Figures 111.7 - I I I . 1 C  show t h e  GE TF-39 b y p a s s  eng ine  t u r b i n e  
b lades .  The t u r b i n e  f irst-stage i n l e t  gas t empera tu re  is 1560 K .  
The t u r b i n e  f i r s t - s t a g e  s t a t o r  vane ( F i g u r e  111.7) u s e s  both convec- 
t i v e  and f i l m  c o o l i n g .  
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F i g u r e  111.8. TF-39 eng ine  

F ieu ro  111.7. 
second-s ta re  t u r b i n a  s t a t o r  

TF-35 eng ine  vane - 

f f  nst-stage t u r b i n e  s t a c o r  
vane 

- .  

A d i s t i n c t i v e  f e a t u r e  o f  t h e  first- 
stage s t a t o r  vane i s  the  fact  tha t  i t s  in -  
t e r i o r  i s  divided i n t o  twa r e g i o n s .  The 
d e f l e c t o r s  1 and 2, r e s p e c t i v e l y ,  are i n -  
s ta l led  i n  t h e  two r e g i o n s  and t h e  s ide  

s u r f a c e s  of t h e  d e f l e c t o r s  have numerous 
p o s i t i o n i n g  p r o t r u s i o n s  3 and small h o l e s  4 

Figure  111.9. TF-39 
engine  first-stage t o  provide  j e t  c o o l i n g  o f  t h e  i n n e r  s u r f a c e  

of t h e  vane. A i r  7 from t h e  i n t e r m e d i a t e  t u r b i n e  r o t o r  cooled  
b l a d e s  compressor s t a g e  e n t e r s  t h e  i n n e r  c a v i t y  of 

t h e  d e f l e c t o r  5 ,  a d j a c e n t  t o  the  t r a i l i n g  
eage, at  a p r e s s u r e  lower t h a n  t h a t  i n  t h e  leading-edge c a v i t y  8 ,  and 
i s  d i scha rged  i n t o  t h e  flow p a t h  through t h e  s l o t s  6 i n  t h e  t r a i l i n g  
edge. 

/26@ .I 

4 
1 

The second-s ta t?  s t a t o r  vane (F igu re  111.8)  i s  cooled convec- I 

t i v e l y  w i t h  J e t  impingement o f  t h e  c o o l i n g  a i r  1 on t h e  i n n e r  s u r f a c e  
o f t h e  l e a d i n g  edge, i .e . ,  w i t h  t r a n s v e r s e  flow of  t h e  c o o l i n g  a i r  
r e l a t i v e  t o t h e  vane l e n g t h .  The c o o l i n g  a i r  d i s c h a r g e s  through t h e  

t r a i l i n g - e d g e  passages  2 i n t c  t h e  t u r b i n e  f low p a t h .  

i' 
i 

i 
A f e a t u r e  of  t h e  f i rs t -s tage r o t o r  b l a d e  des ign  (F igu re  111.9) 

i s  t h e  f a c t  t h a t  i n  t h i s  b l ade  t h e  p r c f i l e d  p a r t s  are  d u a l ,  and are 
ar ranged  pa i rwl se  on t h e  same r e t e n t i o n  u n i t ,  i n  which t h e r e  i s  a 

1 
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d i s t r i b u t i o n  chamber 1 i n t o  which t h e  c o o l i n g  a i r  i s  s u p p l i e d .  The 
a i r  is d i r e c t e d  from t h i s  chamber i n t o  t h e  c o o l i n g  passages  2 a l o n g  
Dcth 1;rofiled p a r t s .  Thus, t h e  large c r o s s  s e c t i o n  area of t he  vane 
a i r  sup ly  passages make i t  p o s s i b l e  t o  reduce t h e  a i r  l eakage .  The 
a i r  s p l i t s  i n t o  two passages upon e n t r y  i n t o  t h e  p r o f i l e d  parts of 
t h e  blade; one p a r t  o f  t he  a i r  is fed t o  t h e  passage  f o r  c o o l i n g  t h e  

l e a d i n g  edge, the  o t h e r  part is  f e d  t o  t h e  t r a i l i n g  edge. Both 
streams fo l low a loop ing  p a t h  a l o n g  t h e  radial  passages, p rov id ing  
convec t ive  c o o l i n g  o f  t h e  p r o f i l e d  p a r t .  Then the  c o o l i n g  a i r  im- 
pinges  i n  t h e  form o f  j e t s  on t h e  i n n e r  s u r f a c e  o f  t h e  l e a d i n g  edge 
and thence  passes through h o l e s  i n  t h e  w a l l  3 o n t o  the  o u t e r  s u r f a c e ,  
and forms a p r o t e c t i v e  a i r  layer.  The h o l e s  3 are l o c a t e d  a l o n g  the  
e n t i r e  l e n g t h  o f  t he  vane, and are ang led  t o  e n s u r e  r e l i a b l e  c o o l i n g  
of  t he  l e a d i n g  edge.  

Dual  passages are a l s o  provided i n  t h e  second-stage r o t o r  b l a d e  

(F igu re  111.10) t o  p rov ide  convec t ive  c o o l i n g .  T h i s  sys tem d e s i g n  i s  
t h e  same as i n  the  first-stage b l a d e  - t h e  radial  passages i n  t h e  

middle par t  o f  t he  blade form air flow which i s  symmetric r e l a t i v e  t o  
t h e  a x i s  w i t h  th ree  r e v e r s a l s  of  d i r e c t i o n .  I n  a d d i t i o n ,  s t r a i g h t  
flow passages are provided a long  t h e  l e a d i n g  and 
t r a i l i n g  edges.  After c o o l i n g  t h e  blade, t h e  

a i r  i s  discharged through f i v e  h o l e s  from the  
b lade  t i p  i n t o  t h e  r ad ia l  c l e a r a n c e .  

A l l  these passages are made by e l e c t r o -  
e r o s i v e  d r i l l i n g .  T h i s  t echn ique  makes i t  pos- 
sible t o  d r i l l  s e v e r a l  passages o f  d i f f e r e n t  
d iameter  s imul taneous ly  a t  a speed of 25 - 50 
m/min. The passages  i n  t h e  !.eading and t r a i l -  
i n g  edge o f  t h e  blade are made by anodic  d i s -  
s o l u t i o n  by e l e c t r o l y t e  which IS s u p p l i e d  from F igure  111.10.  
a s l t n d e r  glass t u b e .  TF-39 engine  sec -  

ond s t a g e  t u r b i n e  
r o t o r  cooled  

I n  s p i t e  o f  t h e  l a r g e  number o f  small- blades 

d iameter  h o l e s  and t h e  complexity u f  t h e i r  



i ~ ! 
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c o n f i g u r a t i o n ,  t hey  do not  c l o g  d u r i n g  o p e r a t i o n .  P a r t i c l e s  of 
dimension no more t h a n  50 microns which e n t e r  t h e  passages are 
ejected from the  c l e a n i n g  h o l e s  i n  t h e  t i p  part  o f  t h e  !,lade. 
ove r ,  by  s e l e c t i n g  t h e  dimensions o f  these h o l e s ,  w e  can r e g u l a t e  
the  h y d r a u l i c  r e s i s t a n c e  o f  t h e  c o o l i n g  passages and e n s u r e  uni -  
formi ty  o f  t h e  c o o l i n g  a i r  d i s t r i b u t i o n  among the  blades.  

More- 

1261  . 
- :  

The GE CP-6 bypass  engine  t u r b i n e  b l a d e  w i t h  t u r b i n e  i n l e t  gas 
tempera ture  1530 - 1560 K u ses  t he  same c o o l i n g  scheme as t h e  TF-39 
j e t  engine  blade. 

T' 
Figure  111.11 shows two des igns  o f  t h e  f irst-stage cooled  r o t o r  

blade of t h e  P-100 bypass  engine  of t h e  PWA TF-30 f a m i l y ,  which 
o p e r a t e s  w i t h  t u r b i n e  i n l e t  gas  tempera ture  1530 K .  

A new m o d i f i c a t i o n  i s  t h e  b l a d e  w 
c o o l i n g  a i r  d i s c h a r g e  through s l o t s  i n  
t o  t h e  manufacturer  [34], e f f i c i e n -  
c i e s  above 90% were ob ta ined  i n  t es t s  
o f  a t u r b i n e  w i t h  these blades. T h i s  
i n d i c a t e s  that  :he blades w i t h  in -  
t e r n a l  d e f l e c t o r  and t r a n s v e i x e  cool-  
i n g  ai l -  f low are  q u i t e  p romis i rg  
from t h e  viewpoint  o f  bo th  c o o l i n g  
e f f e c t i v e n e s s  and t u r b i n e  e f f i c i e n c y .  

i t h  

t he  
1 . n se r t - type  d e f l e c t o r  and 

t r a i l i n g  edge. According 

I .  

5 

The second-stage s t a t o r  vane of 
t h i s  same engine  (F igu re  1 1 1 . 1 2 )  has 
an  i n t e r n a l  i n s e r t - t y p e  d e f l e c t o r ,  
and a l s o  has t r a n s v e r s e * f l o w  of  t h e  
c o o l i n g  a i r  w i t h  d i s c h a r g e  o f  t h e  F i g u r e  111.11. O r i g i n a l  

( l e f t )  and new modif ica-  
t i o n  o f  t h e  P-100 engine  l a t t e r  from s l o t s  i n  t h e  concave p a r t  

of t h e  b l a d e  a long  t h e  t r a i l i n g  edge. h igh -p res su re  t u r b i n e  
r o t o r  b l a d e  
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The above-mentioned t u r b i n e  i n l e t  gas  
tempera tures  are mass-average va lues  and can 
c h a r a c t e r i z e  onlyapproximate ly  t h e  fempera ture  
l e v e l  of t h e  gas  f low around t h e  s t a t o r  vanes 
and r o t o r  b l ades .  For  t h e  same v a l u e  of  t h i s  

tempera ture ,  there may b e  d i f f e r e n t  degrees 
o f  nonuniformity of t h e  t empera tu re  f i e l d  T i n  

P a t  
t he  combustion chamber e x i t  gas flow (see 
s e c t i o n  6 . 5 ) ,  and t h i s  means d i f f e r e n t  maximal 
tempera ture  of t h e  gas  approaching  t h e  s ta tor  
vanes.  Th i s  d i f f e r e n c e  may be q u i t e  large 
(up t o  100') and depends on t h e  combustion 
chamber e f f i c i e n c y  and t h e  magnitude o f  t h e  
a i r  tempera ture  r i se  i n  t he  combustion chamber. 

The tempera ture  of t he  gas f lowing  around 
the r o t o r  b l a d e s  also d i f f e r s  from the  mass- 

F i g u r e  111 .12 .  
P-100 eng ine  
second-stage 
t u r b i n e  s t a t o r  

vane 

average  t u r b l q e  i n l e t  gas temper; n e  by  t h e  magnitude AT pat and b s  

t h e  magnitude ATw, which depend on t h e  t u r b i n e  stage l o a d i n g ,  magni- 

t u d e  o f  t h e  c i r c u m f e r e n t i a l  v e l o c i t y ,  aiid o t h e r  f a c t o r s  (see 
s e c t i o n  7 .1) .  

t 
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